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SELECTED LIST OF SYMBOLS 
A cross-sectional area 
thermodynamic emf 
open circuit emf 
F Faraday's constant 
Ij steady state electrical current conducted by the jth species 
where j = 1, 2, 3 corresponding to cations, anions and electrons, 
respectively 
steady state total current 
J flux of the neutral oxidant species 
2 
k Wagner's scaling rate constant 
scaling rate constant due to neutral oxidant species 
L scaling layer thickness 
L rate of scale thickening or thinning 
N Avagadro's number 
n rate of scale formation or decomposition 
P partial pressure of X„ gas. " refers to high pressure side of 
2 
the cell; ' refers to the low pressure side 
P P_ at which the ionic and hole conductivities are equal 
2 
r the ratio [l^  + 12^ /^ 3 
R gas constant 
T temperature *'k 
t time 
tj transference number of the jth species 
t. ionic transference number ion 
VI 
t. spatial average of the ionic transference number 
Ion 
V equivalent volume 
V„ voltage necessary to arrest scale thickening or thinning 
Hfllc 
cell voltage 
Zj valence of the jth species 
1]^  electrochemical potential of the jth species 
chemical potential of the nonmetal species. " refers to high 
2 
chemical potential side of cell; * refers to low chemical potential 
side 
|J^  chemical potential of the metal 
Gj electrical conductivity of the jth species 
a? electrical conductivity of the jth species at P =1 atm 
J %2 
ionic conductivity 
total conductivity 
<T° total conductivity at P =1 atm 
_ 2^ 
spatial average of the total conductivity 
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INTRODUCTION 
The effect of applied electric fields on the oxidation of metals 
has received a considerable amount of attention in the literature in 
recent years. The original study in this area was conducted in 1955 
by Uhlig and Brenner (1) on copper oxidation where electric fields 
were applied across the oxidizing copper specimens with the use of 
the condenser arrangement shown in Figure la. Uhlig and Brenner, 
however, were unable to influence the oxidation rate of copper by 
applying electric fields as higji as 15 KV/cm. In a more recent paper 
Cismaru and Cismaru (2) were unable to influence the oxidation rate 
of zinc by applying fields across cells of the type shown in Figure lb. 
It was later suggested by Jorgensen (3) that one would not expect to 
influence the oxidation rate using the cell arrangements of Uhlig and 
Brenner (1) and Cismaru and Cismaru (2). This is because the entire 
voltage drop would occur across the insulating air gap between the 
condenser plates and not across the oxide scale. Jorgensen proposed 
instead that the electrodes should be contacted directly to the 
oxidizing metal and the outside surface of the oxide scale so that 
the entire voltage drop would occur across the scale. 
In later papers concerning the effect of applied electric fields 
on metal oxidation, the fields were coupled directly to the oxide 
scales as shown schematically in Figure Ic. A number of investigators 
have used this arrangement to determine the mechanism of metal oxida­
tion. For example, Jorgensen (3, 4) determined that the oxidation of 
silicon is diffusion controlled and that oxygen ions are the mobile 
2 
I I-
Cu^ O CujO 
Cu AIR Cu 
(a) 
ZnO ZnO 
(b) 
MO M MO 
n n 
(c) 
Figure 1. Experimental cell arrangement for applied electric field 
experiments, a) Uhlig and Brenner (1). b) Cismaru and 
Cismaru (2). b) Recent studies. 
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species. Laverty and Ryan (5) made further studies on silicon oxida­
tion and deduced that oxygen in the form of Ions and neutral molecules 
could be mobile. Jorgensen (6) studied the oxidation of zinc and found 
diffusion of zinc ions to be rate controlling. Bradhurst, Draley and 
Van Drunen (7) studied the oxidation of zirconium and found the reaction 
to be diffusion controlled with electrons being the rate controlling 
species. In a recent work Berkowitz et al. (8) studied the oxidation 
mechanism of nickel base alloys by applying electric fields across 
seeded plasma gases. Since such gases are electrically conductive, 
a cell arrangement similar to that of Uhllg and Brenner (1) was used 
effectively to influence the oxidation rate. 
Externally applied electric fields have also been used in low 
temperature studies by Ritchie and co-workers to determine the mechanism 
of oxidation of zinc (9), tungsten (9), aluminum (10) and nickel (11). 
Krishnamoorthy and Sircar (12) used this technique to study the oxida­
tion of copper. These latter studies were conducted at low tempera­
tures for thin oxide films where diffusion through the scale was not 
rate controlling. Results were discussed in terms of the Mott-Cabrera 
theory of oxidation (13) and are not of much interest in the present 
work which is concerned with diffusion controlled scaling (oxidation) 
reactions. 
Some of the interpretations offered for the foregoing works have 
involved rather pointed controversies. For exan^ le, Jorgensen's study 
on silicon oxidation (3) was criticized by Raleigh (14), who claimed 
that it is impossible co I) influence the normal oxidation rate of 
metals by the application of external electric fields and 2) determine 
4 
the mechanism of normal oxidation with this technique. This criticism 
sparked a rather vigorous exchange of letters to the editor of the 
Journal of the Electrochemical Society (15, 16). A considerable 
amount of misunderstanding was evidenced which seems to have left 
the mechanism of silicon oxidation and mass transport in SiOg un­
certain even up to the present time (17, 18). 
The effect of applied electric fields on the oxidation of metals 
has been treated theoretically by several authors including Fromhold (19-
21), Anderson and Ritchie (22), Kroger (23) and Wagner (24). Only 
the works of Kroger and Wagner apply for diffusion controlled scaling 
kinetics with the latter work being in the form of an unpublished 
memo. Jorgensen (25) has recently published a review article on the 
subject in which the features of Wagner's treatment (24) are sum­
marized. 
The treatments of Kroger (23) and Wagner (24) extend Wagner's 
theory of oxidation (26) under open circuit conditions to include the 
effect of applied electric fields on diffusion controlled scaling 
kinetics. Kroger (23) derived an equation describing the rate of 
scale growth at the differential equation level which may be written 
as 
L = vt^ ^^ I^ /FA + k/L [1] 
where L is the rate of scale formation in cm/sec, v is the equivalent 
volume, t^ 0^  is the spatial average of the ionic transference number, 
 ^  ^^  ^ ^  1 A — 3^ J M  ^^  ( M M « • A T  ^ AM « A A ^  ^ 4 1 wwwcxx 2: A: At o  ^ — 
area of the scale, k is Wagner's rational scaling rate constant (26) 
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2 "ff — in cm /sec and L is the scale thickness . Because the parameter t^ ^^  
is a spatial average (and not the usual average on chemical potential), 
it is generally time dependent. This makes it impossible to infer from 
Eq. [l] the scale thickness as a function of time unless of course 
additional simplifying assumptions are involved. Wagner (24) derived 
a general expression for the scale thickness in terms of ionic fluxes 
and external current which is not very useful for obtaining the time 
dependence of the scale thickness. Two limiting cases were treated 
in which the total current and the ionic fluxes vanish. 
Thus, neither the analysis of Kroger nor that of Wagner yields 
formulas for scale thickness, cell voltage or total current as func­
tions of time. This is unfortunate because such formulas would be 
very useful for analyzing experimental data. Plots of voltage and 
current as functions of time would be especially useful because one 
could avoid interruptions and other inconveniences involved in the 
measurement of scale thickness or weight changes with time. Further­
more, neither of the above analyses allow for the migration of neutral 
species. A certain amount of experimental evidence suggests that 
neutral migration is exhibited in PbO (27) and in SiOg (5, 14, 28-30). 
Because of the controversy involving the nature of mass transport in 
SiOg, it would be helpful to develop theoretical formulas for electric 
field scaling kinetics which include the effects of neutral fluxes. 
The purposes of the present research are as follows: 1) It is 
the main goal of the present work to develop a theory which quantitatively 
* 
The symbols used in this work are defined on page v. 
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predicts the Influence of applied electric fields on diffusion con­
trolled scaling kinetics. Equations will be derived which predict 
scale thickness, cell voltage and total current as functions of time 
for various applied electric field conditions. 2) These theoretical 
equations will be used to predict the effect of applied electric fields 
on silicon oxidation and silver bromlnatlon for which the normal scaling 
reactions are believed to be diffusion controlled (3, 4, 14, 31). 
3) Experiments will be conducted on silicon oxidation and silver 
bromlnatlon in order to determine the applicability of the theoretical 
analysis. Predictions will be compared with the experimental results 
of this work and the previous results of Jorgensen (3, 4). 
7 
THEORY 
Wagner's Theory of Oxidation 
Consider a metal which is placed in a furnace containing an oxi­
dizing gas at elevated temperature. Assume that in this temperature 
range a coherent scaling layer is formed. Assune further that after 
a brief transient, growth of the scale becomes rate limited by steady 
state diffusion of ions or electrons through the scale. Thereafter 
the current due to ions must balance that due to electrons under open 
circuit conditions. Hence, as scaling proceeds, the net or total 
current flowing through the film vanishes. The physics of this 
scaling system have been treated previously by Wagner (26), and his 
treatment is sunmarized in block diagram form in Figure 2. Only the 
major hypotheses and results are presented in the figure; however, 
for a more detailed presentation see, for example, Hauffe (32) or 
Wagner (26). 
The results of Wagner's theory are very useful for gaining 
insight concerning the nature of the diffusing species (defect struc­
ture) in a mixed conducting scale. By knowing and the scaling rate 
constant, k, as functions of ; i.e., nonmetal chemical potential, 
2 
the ionic and electronic conductivities can also be determined as 
functions of . Alternatively, by knowing the dependences of 
the ionic and electronic conductivities of the scale material, the 
scaling rate constant of the metal can be predetermined. This knowledge 
also allows one to alter the scaling rate of a metal by doping to 
alter the concentration and, therefore, the conductivity of the rate 
OPEN CIRCUIT CONDITION FLUX EQUATION 
n = Cl, +l2]/F = -l3/F 
ELIMINATE I. 
I. = -A[Gj /^.F]7T1j 
LOCAL EQUILIBRIUM 
7I1,=7Um + CZ,/23]71,3 
71,3 
'^ 3 . +'2^  
Z3F [n,+02+03] 2ZjF 
INTEGRATE TO GET 
1 h+=2+ ,3] 2Z.F 
ELIMINATE I3 
(3 = 
ELIMINATE F 
n = -
Aag^ +ffjl 
^^ 2 ^ 3^^  2 ZgF^  
STEADY STATE ASSUMPTION 
;, A '3(01 +*:fl **% 
JmL + *2 + C3] 
;  - w .  V  * 3 G ) ,  + * 2 :  " " S  
L = V lyA = -j I 
.A.1 b, + °2 +'3] 2 Z2F 
L = K/L 
Figure 2. Derivation of the open circuit emf and scaling rate equations 
from Wagner's scaling rate theory (26). 
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controlling species. The results, hypotheses and implications of 
Wagner's theory have been tested by a large number of investigators 
over the past 40 years and have withstood the test of time. 
Theory of Applied Electric Fields on Diffusion Controlled 
Scaling Kinetics 
Wagner's theory of oxidation can be extended to include externally 
applied electric fields and the migration of uncharged defects by 
altering the boundary conditions and by incorporating an additional 
term for neutral transport In the basic flux equation. The flux 
equation may then be written as 
n = [l^  + Igl/F + ZZgAJ^  /N [2] 
where n is the rate of formation of the scale compound in equivalents/ 
sec, and are, respectively, the cation and anion currents, 
is the neutral flux (assumed here to be diatomic), is the valence of 
the anion species, and N is Avagadro's number. Equation [z] is identical 
to Wagner's flux equation except that a parallel flux of uncharged Xg 
molecules has been inserted. 
From the flux equation so modified an expression for L can be 
derived in a manner similar to that used by Wagner for the open 
circuit case. The main difference involves the use of more general 
boundary conditions in which the total current is allowed to differ 
from zero- Choudhury and Patterson (33) have recently presented an 
extension to Wagner's theory of mixed conduction in ionic solids (34) 
10 
in which the total current was considered to differ from zero. 
Equations were developed to evaluate the performance characteristics 
of solid electrolyte cells exhibiting mixed ionic and electronic 
conduction and invariant cell geometry. In the following derivation 
for L certain of the equations derived by Choudhury and Patterson 
are utilized; however, the assumption of constant cell geometry must 
now be relaxed. Because the scale thickening (or thinning) kinetics 
are sought, these equations must now be considered to vary with time. 
Rather than reconstruct the original derivations in detail, a summary 
is presented in block diagram form in Figure 3. Equations from this 
summary are used as the derivation for L progresses. 
In the following analysis extensive use is made of the parameter r 
which is defined to be the sum of the ionic currents divided by the 
electronic current at each location in the scale. These currents are 
assumed constant throughout the scale (i.e., steady state). Thus, r 
is also independent of location in the scale, and many of the subsequent 
equations are in terms of this parameter. Although r cannot, in 
general, be measured experimentally, it is very useful to derive 
parametric equations in terms of this parameter. For example, parametric 
equations for the cell voltage and total current were cast in terms of 
r in Choudhury and Patterson's theoretical treatment of performance 
characteristics in solid electrolyte galvanic cells. Plots of cell 
voltage vs total current were generated by simply varying r. A solu­
tion to the differential equation for L is also greatly facilitated 
wxuit ULic Ude Ui. 1 J.ii Liie picaciiL. wuiK. j.01. dcctxc , 
cell voltage, total current and time will be in terms of this parameter. 
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CLOSED^CIRCUIT CONDITION 
E ',-4". 
DEFINITION 
r = D,+y/l3 lT = [l^ r]l3 
ELIMINATE I. 
I 
I. = -A[(Tj/2.F] vt). 
LOCAL EQUILIBRIUM 
VTl,=V^  ^+ tZ,/Z3]^ 3 
Trig _ [<T^ +^2^ 
22 F 
2 
ELIMINATE 1  ^
Ig-'ACffy^ gF] 771 g Î 
A[l+r][cr^+ct2](T2 ^2 
 ^ [rtjg ~ 2 ZgF 
„ r''-^  t»,"S l^ _^Ap^ i:i+r]Ca,+<ij]a3 
' -^ «2 '•"a • "i ' "2^   ^V •^ 2 ["3 "°1 ""iP 
Figure 3. Derivation of the cell voltage and total current equations for 
a mixed conducting compound under steady state conditions 
(after Choudhury and Patterson, reference 33). 
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The total current through the scale vanishes for Wagner's open 
circuit case (26). However, 
= Ij + I2 + I3 ^ 0 [3] 
in the present case where is the electronic current. Substituting 
Eq. [3] into [2] we get 
n = I^/F - I3/F + 2ZgAJ^ /N. [4] 
From Figure 3 
I3 = - [5] 
where is the local electronic conductivity, and T|g is the electro­
chemical potential of electrons. The term can be eliminated 
(Figure 3) in favor of nonmetal chemical potential by using 
3^ [('i + ^2^  
ZjF - (Tgj ^ 2^ 2z.F [6] 
where and are, respectively, the local cation and anion conductivity. 
Substituting Eq. [6] into [S] we get 
3 LnTj - - (Tgj 2ZgF ' 
and Eq. [4] becomes 
AoJd, + <tJ '"S, 
By letting = - D VC_ , integrating over the scale thickness and 
2 2 2 
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r^ 2 °3[*1 2^^  "^ 2^ I l-3 
MA - - - -2 
2 [9] 
where AC„ is the difference in concentration of neutral species across 
2 
the scale and is the diffusivity of the neutral species. The 
2 
rate of scale thickening assuming planar growth is given by 
L = vn/A. [lO] 
Eliminating n between Eqs. [9] and [lO] yields 
•^2 
14 r - "1 - "z' 22^ " 
XI] 
or more simply 
. VI , 
L = + L k(r)/r + k^ ] [12] 
where 
- f'^ 2 + "2^  '^ '^ 2 
' j . L-3 - a, - '"n = -
% [13] 
Equation [12] is the general equation which predicts the effect of 
applied electric fields on diffusion controlled scaling kinetics. 
Limiting cases 
From Eq. [ll] several limiting cases can be delineated which 
show that the present work embraces Wagner's treatments (26, 34) as 
14 
special cases. For example, when r = - 1; i.e., when 1^ +1^ =- 1^ , 
the total current is zero. If J = 0, Eq. [ll] reduces to 
*2 
. i f -  r ^ 2  * 3 f ° l  ^2^ 2^ 
^2 
= k/L, [14] 
and it can be easily recognized that this expression is identical to 
the one derived by Wagner for the open circuit case where = 0 
(Figure 2). 
Equation [6] may be integrated to give (Figure 3) 
" • t  
2^ [ct^  + "^ 2^ 
Lrtfj - - (TgJ 222? [15] 
^2 
Substitution of r = - 1 into this equation gives 
[o, + a,] 
where it can be recognized from Figure 2 that is identical to the 
emf, E^ , across a scale growing under open circuit conditions. 
Another interesting limiting case occurs when is again set 
2 
equal to zero and r = 0. This condition occurs when the ionic cur­
rent is blocked; i.e., + Ig = 0 and corresponds to the case where 
scale growth has been arrested. Here L in Eq. [11] vanishes and 
h - ï l  ' ' 3 ^ -  [ " 1  
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This equation is identical to one derived by Wagner in a later 
paper (34) dealing with mixed conduction in ionic solids of fixed 
thickness. The total current is now due only to the migration of 
electrons under completely ion blocking or polarization conditions. 
Substituting r = 0 into Eq. [15] yields the following expression for 
the halt voltage, 
- VH.lt " - [Irt 
where is the thermodynamic emf for the oxidation reaction. In 
XH 
other words the scaling process is conçletely arrested when a voltage 
equal and opposite to the thermodynamic emf is applied to the cell. 
In the above limiting cases J was set equal to zero. If a 
2 
parallel flux of neutral molecules (or atoms) through the scale 
exists, however, complications arise. For example, in the limiting 
case just mentioned, the parameter r was equal to zero when the 
scaling process became arrested. This is no longer true when a 
parallel flux of neutral molecules exists. In order to stop the scaling 
process in this case, an ionic current must still exist to decompose 
the scale being continuously formed due to the migration of mole­
cules which are uninfluenced by applied electric fields. The magnitude 
of this current is proportional to J_ . 
2 
A quantitative expression for in this case may be obtained 
by setting n in Eq. [2] equal to zero and substituting the appropriate 
expressions for I^  and (Figure 2). Whence, 
- 2Z2FAJjj /N = I^  + Ig = - A[a^ /ZjF]VTl^  -
Invoking the assumption of local equilibrium (Figure 2) ve get 
2Z2FJ^  /N = + CT [19] 
Simplifying and Integrating over the scale thickness we obtain 
H^alt T^H •*" N I 
Jo 
^ 
[20] 
Thus, V , is greater than E by an amount proportional to the neutral 
flux. If the magnitude of J„ and the spatial dependences of a 
and (Tg are known, the halt voltage can be calculated using Eq. [20]. 
Alternatively, if and the spatial dependences of and cTg 
are known, J can be calculated. Part of the Jorgensen-Raleigh 
2 
controversy (3, 14, 15, 16) involved a discussion of the halt voltage. 
Jorgensen observed halt voltages on the order of the thermodynamic emf 
in his experiments (3, 4). He argued qualitatively that any 
greater than E would be due to neutral oxygen molecules. However, 
rH 
no quantitative expression for the halt voltage in terms of the neutral 
flux was presented. Presumably Eq. [20] might have been instrumental 
for resolving a number of points of conflict in that controversy. 
In principle, essentially two experimental schemes may be used 
to verify the theoretical arguments just presented. These are the 
potentiostatic or constant voltage case, in which the current is 
monitored as the thickness changes with time, and the galvanostatic or 
constant current case, in which voltage measurements reflect the variance 
of scale thickness with time. 
17 
Potentiostatlc scaling kinetics 
Choudhury and Patterson (33) give the following equation for the 
total current (Figure 3) 
A f'^2 Cl + ^ 
^ '•J , Lmj - - a^J ZZjF l.'-r " I V - I [21] 
where now L on the right side is considered to be time dependent. 
Substituting this equation into Eq. [ll] results in a major simplifica­
tion in the expression for L as follows 
V f % [1 + r][G^  + \ 
-l J  Lz c T j  -  a j  -  a j J  2  
' i f  
Because r is independent of Eq. [22] may be written as 
*2 
L = [(^ )^k(r) - (^ )k(r) + kJ/L, [23] 
which can be simplified to give 
L = [k(r) + kJ/L. [24] 
Integration of Eq. [24] yields the relation 
= Lq + 2[k(r) + k^ ][t - tg] [25] 
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where k(r) and are given by Eq. [13], From Eq. [24] and [l3] 
it can be seen that parabolic kinetics should result whenever the 
parameter r is independent of time. 
Significantly, Eq. [15] indicates that r must be constant when 
is invariant with time since the limits of integration, and 
, are fixed. Therefore, applying a constant voltage to the cell 
*2 
will cause the scale to grow or decompose parabolically at a rate 
determined by the transport parameters (a^ , ag and a^ ) of the scale. 
Since the voltage is held constant and the film thickness is 
changing with time, i.e., the cell resistance is changing with time, 
the current flowing through the scale must also be time dependent. 
The kinetics should, therefore, be observable in situ by monitoring 
the cell current with time. The relationship between current and time 
can be derived by writing Eq. [21] as 
L = [=r (^ )^k(r)]/l^  [26] 
or 
 ^= [^  (^ )^k(r)]^ /lj . [27] 
Substituting Eq. [27] into [25] results in an equation of the form 
+ K2[t - t^ ] [28] 
where 
Ki = if- (^ -~)k(r)]'\2. = 2[^  (^ )^k(r)]'2[k(r) + kj. 
[29] 
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A plot of vs t - tg results in a straight line of slope and 
intercept K^ . 
It should be remembered that Eq. [25] and [28] were derived with 
no particular assumptions on defect structure or transport models in 
the scale. Therefore, the parabolic scaling kinetics indicated in 
Eq. [25] and [28] may be expected in potentiostatic experiments 
independent of defect structure. Experiments involving scales of 
widely different defect structures should differ only in the values 
of and which result but not in the kinetics. Combining defect 
structure hypotheses with values of k^ , r and the conductivity parameters, 
allows prediction of the empirical parameters and Kg. 
Galvanostatic scaling kinetics 
One of the major goals of this work is to compare Jorgensen's 
experimental results (3, 4) with the theoretical predictions presented 
in this work. His experiments were run under constant current 
conditions and yielded plots of thickness and voltage as functions 
of time. Hence, expressions will now be derived for the time dependences 
of L and for the galvanostatic case. Since now changes with 
time, it is apparent from Eq. [15] that r and, hence, k(r) must also 
vary with time. Accordingly Eq. [24] can no longer lead to a 
parabolic time dependence for L(t) because it is now of the form 
L = ^  [k(r, t) + k^ ]. [30] 
Equation [30] is not readily solved to give the time dependence of L, 
and only indirect and laborious techniques can now be used. 
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In order to obtain the scaling kinetics in this case, it is neces­
sary to first obtain an expression for the time dependence of r. Once 
the bottom two formulas in Figure 3. In what follows parametric equations 
for t, and L will be derived in terms of the parameter r so that t, 
and L can be obtained as functions of each other. 
A derivation for obtaining the general solution for t = t(r) is 
presented in Appendix A. There it is shown that r and t - t^  are 
implicitly related by a formula of the type 
where A(r) and B(r) are very cumbers («ne integral functions of r and 
the transport parameters of the scale but are not explicitly dependent 
on t. In principle Eq. [A-8] can be used without any special assump­
tions about defect structure by just leaving the expressions for A(r) 
and B(r) in terms of partial ionic and electronic conductivities. Ef­
forts to retain this level of generality, however, result in highly 
intractable mathematical formulas which are difficult to interpret. 
Alternatively, specialized semi-empirical formulas for the partial 
conductivities may be used to advantage early in the analysis. Of 
course some generality is sacrificed in doing this; however, the 
mathematics become somewhat more manageable. This latter approach 
will be used in the present work. 
A survey of previously reported conductivity studies for numerous 
scaling compounds at elevated temperatures indicates that a large 
number of scaling layers can be classified into one of two general 
that is done, the time dependences of and L can be calculated from 
[A-8] t - tg = A(r)/B(r)dr 
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ionic defect models (23). These are the constant ionic conductivity 
model which applies to predominantly ionic conducting scales and the 
constant ionic transference number model which applies to 
predominantly electronic conducting scales. Techniques for deriving 
the galvanostatic scaling kinetics for these two models will now be 
outlined. Complete derivations are presented in the appendices. 
Scaling kinetics for the constant ionic conductivity model 
Many scaling layers are known to be predominantly ionic conductors 
over a significant range of . Included in this class are the lead 
*2 
(35, 36), silver (37, 38) and cuprous (39, 40) halides together with 
calcium fluoride (41), thorium dioxide (42) and probably a host of 
other scale compounds. These scales exhibit an ionic conductivity 
that is independent of PXg in contrast to their electronic conductivities 
which typically vary as 
X2 
The constant ionic conductivity model allows us to make con­
siderable simplifications in the analysis presented in Appendix A. 
A detailed derivation of the scaling kinetics assuming the constant 
model is presented in Appendix B, and an exançle is given for 
the kinetics of silver bromination under galvanostatic conditions. 
Although the detailed derivations are crucial for the development, 
they have been placed in the appendices. This was done only to 
improve the clarity and continuity of the text and does not in any 
way imply that they are unimportant. Only the major results are 
cited here, and the reader is referred to Appendix B for the details. 
Tuc rôllôw'iûg axpraââlûû is derived for the dcpcndcncc cf r 
in Appendix B: 
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' f ' » 
where 
r I 
[b-7] cp =  ^ ; A = - V^; a = T 
Equation [B-8] cannot be simplified further if is nonzero, and 
numerical techniques must be used to solve this equation when the 
appropriate expressions (see Eq. [B-7]) for cp, A, a and b are in­
serted. If is zero, as is the case for silver bromide, Eq. [B-8] 
can be further simplified to give 
. r r^ 
[B-IO] 2b[t - tg] = + I cp^ dA. 
r« ''r_ 0 0 
This equation can be solved exactly when the appropriate expressions 
for cp and à are inserted. The expression for f, i.e., (E^  - V^ ) 
is dependent upon the particular defect structure of the scale 
compound under consideration. 
The silver brominatlon system is used as a particular example 
to show how Eq. [B-IO] may be integrated to give t = t(r). The 
final result is that 
' - 'o = W +[26 + 
[B-17] + [2a + a^ ] Xn[~-^ ] + [^ ]^} 
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1/2 1/2 
where a = (Pg^  /P^ ) , 0 = (Pg^  /P^ ) and r^  is the initial steady 
state value of r set up when the current is applied. P^  is the bromine 
pressure at which the ionic and hole conductivities are equal. Although 
Eq. [B-17] is a simplification over Eq. [A-8], it is itself rather 
cumbersome. Nevertheless, it is in closed form and can be used to 
Interpolate the value of r at any time t desired. In principle 
equations similar to Eq. [B-17] can be obtained for any scaling system 
for which the constant ionic conductivity model is valid for the scale 
and for which is negligible. Only expressions for Û and dA will 
change depending upon the particular defect structure. 
The procedure for obtaining the scaling kinetics assuming 
galvanostatlc conditions and the constant model of Appendix B can 
be summarized as follows: 1) Determine, the magnitudes and P_ 
*2 
dependences of the conductivity parameters which are used to obtain 
an expression for A. 2) Determine r^  for a given set of experimental 
conditions; namely, and Lq. 3) Increment r from r^  to any desired 
final value. 4) Calculate the corresponding values of t - t^ , and 
L from Eqs. [B-17], [15] and [B-3] which are all parametric in r. 
5) One may then plot L and versus the calculated values of t - t^ . 
In this way the galvanostatlc scaling kinetics for any given set of 
experimental conditions can be predicted quantitatively. Accelerated 
growth will be predicted when r < - 1 or < E^ ; retarded growth 
when - l<r<0+6orE^ <V^ < decomposition or scale 
thinning when r > 0 + 6 or The quantity 5 is an Indlca-
^ \alt ' 
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Scaling kinetics for the constant ionic transference number 
model The second special case to be considered is the constant ionic 
transference number, t. , model. Many scaling layers are known to 
Ion 
be predominantly electronic conductors. Generally these scaling 
layers possess a independent ionic transference number. Several 
2 
of these materials are ZnO, Cu^ O, NiO, CrgOg, CdO, etc. (23, 32). 
A treatment similar to that outlined in the previous section could 
be presented here for the constant t^ ^^  model. Again, an expression 
could be derived for t = t(r) frcra which and L as functions of 
t = tg could be deduced just as before. Fortunately, however, t^ ^^  ^
is now independent of |JL, , and a greatly simplified version of Eq. [ll] 
2 
results from which the kinetic equations may be derived. Again, only 
the important results are exploited here in the text while the detailed 
derivations for this case are given in Appendix C. 
The following alternative equation to Eq. [11] is derived in the 
appendix 
[C-S] = m f 'ion'" + [k + y/:-
vo 
where it is also shown that this equation reduces identically to 
Eq. [ll]. Equation [C-5] is virtually equivalent to Eq. [l] derived 
by Kroger (23). As was mentioned earlier, such equations are not 
useful for all cases involving galvanostatic scaling kinetics or even 
for the constant ionic conductivity case. This is because the spatial 
integral from 0 to L can, in general, be time dependent thereby greatly 
complicating the differential equation. 
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The Integral in Eq. [C-15] is greatly simplified, however, for the 
constant t^ ^^  case because t^ ^^  does not depend explicitly on loca­
tion in the scale or on time. Under these assumptions one obtains 
(see Appendix C) the following equation for the time dependence of L 
[C-7] ' - 'o ° c Lo + V 
fL - L 
CD 
L - L. 
 ^ 00 0 
where the constant c, the rate of electrolysis of the scale, is propor­
tional to L is the final or steady state thickness of the scale 
which occurs when the electrolysis rate just balances the diffusional 
fluxes. As is shown in Appendix C, is given by - [k + k^ ]/c. 
If L and Lq are sufficiently less than L^ , parabolic kinetics are 
predicted. This indicates that the electrolysis term has little 
effect on the scaling kinetics in this thickness range. On the 
other hand, linear kinetics are predicted by Eq. [C-7] when L and 
Lq are much greater than L^ . In this regime thickness Increases 
or decreases linearly with time depending on the sign of I^  in the 
electrolysis term. In general, Eq. [C-7] will predict accelerated 
growth, retarded growth or thinning of the scaling layer depending on 
the magnitude and polarity of the electrolysis term, c. 
In order to obtain the time dependence of the voltage, an alternate 
form of Eq. [15] is derived because the time dependence of r is un­
known in this case. The expression for in terms of L is given in 
Appendix C as 
[c-9] Vj - - -jï f IV. + ^  + „. I • 
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Again this equation is only useful for the constant t^ ^^  model. For 
the general case, as well as the constant ionic conductivity case, the 
Integral in Eq. [C-9] is dependent on the parameter r which can vary 
with time. For the constant t. model the integral on i is independent ion 
of r as is also shown in Appendix C, and Eq. [C-9] becomes 
r n V [c-19] V, . E* . 
where 
nRTa°(APy") 
being the sum of the ionic and electronic conductivities at P = 
T X2 
1 atm. It can be seen from Eq. [c-19] that is proportional to L 
so that once we deduce the relation between L and t from Eq. [C-7], 
we may interpolate to generate a plot or table of values versus 
t - tg. Thus, Eqs. [C-7] and [C-19] are useful for analyzing 
galvanostatic kinetics of a scaling layer whose ionic transference 
number is independent of ^ jl. (or P ). 
*2 2 
Summary of the theoretical section 
A quantitative theory for the effect of applied electric fields 
on diffusion controlled scaling kinetics was presented, A formula 
(Eq. [11]) was derived for L in terms of 1^ , r, k^  and the conductivity 
parameters of the scaling layer. It was shown that Wagner's scaling 
rate theory (26) is a special case of the present, more, general 
treatment. A quantitative expression for the halt voltage was derived 
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(Eq. [20]) which would be useful in assessing the amount of neutral 
transport in scaling layers. 
The differential equation (Eq. [ll]) describing the growth 
kinetics was solved for two useful experimental cases; namely the 
potentiostatic and galvanostatic cases. This equation for L may be 
solved without any assumptions on defect equilibria within the 
scaling layer for the potentiostatic scaling kinetics, and parabolic 
2 _2 growth kinetics always result. Plots of L versus t - t^  and 
versus t - t^  give straight lines whose slopes and intercepts may 
be readily interpreted. 
The differential equation for i is not easily solved for 
galvanostatic scaling kinetics. This is because the parameter r is 
time dependent. General solutions as well as more specialized solu­
tions to the differential equation of scale thickening or thinning 
require that the time dependence of r must first be deduced. In 
general, this time dependence is not readily obtained, and there­
fore, special case solutions were derived. 
It should be emphasized that the foregoing theoretical develop­
ment, with its highly definitive and quantitative formulas, constitutes 
perhaps the most Important contribution of the present work. Not 
until formulas of this sort are developed can one truly scrutinize the 
applicability of any theory to practical or experimental situations. 
Indeed it will be shown below that Wagner's concepts of parabolic 
scaling kinetics, when properly modified for nonopen circuit condi­
tions. are not sufficient to describe the effects observed in this 
work and in previous studies (3, 4). This position is in sharp 
28 
contrast to that held by other authors who have argued mainly on 
qualitative grounds (3-5, 14-16, 25). Had the logical consequences 
of Wagner's concepts not been developed in terms of definitive quantita­
tive formulas, the important discrepancies between theory and experi­
ment would not have been brought into focus. 
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EXPERIMENTAL 
In order to test the hypotheses presented In the previous 
section, tvo scaling systems were studied; namely, Ag, AgBr and Si^ SlOg. 
The Ag, AgBr scaling system was selected because. In principle, it 
should behave ideally. The defect transport mechanisms are well known 
for AgBr, and conductivity data are available as a function of 
|JL so that computer calculations predicting the effect of applied 
electric fields on silver bromination can be made. These predictions 
can in turn be compared with experimental results. The Sl,Si02 
system, as was mentioned earlier, was selected in order to resolve the 
Jorgensen-Raleigh controversy (3, 14-16) and to perhaps elucidate the 
mechanism of oxygen transport in SiOg. 
Silver Bromination 
Apparatus 
A schematic diagram of the apparatus used in the silver bromina­
tion study is shown in Figure 4. By using the pyrex stopcock and 
bubbler arrangement shown on the right hand side of the figure, the 
system could be pumped to a roughing pump vacuum, purged with helium 
or exposed to bromine with helium serving as the carrier gas. This 
gas was subsequently dried over a mixture of anhydrous magnesium 
perchlorate and anhydrous calcium sulfate. The KOH bubbler shown 
on the left hand side of the figure served to neutralize the effluent 
Chemical Corporation) was used on all ground glass joints. 
TO VACUUM 
STOPCOCK KOH BUBBLE R FURNACE WINDINGS / 
TO HELIUM 
TAPER JOINT 
DESICCANT Br« BUBBLER 
PYREX RING 
Figure 4. Schematic diagram of the apparatus and cell arrangement used in the silver bromination 
experiments. 
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The silver bromination cell was loaded into a pyrex cell holder, 
and this in turn was inserted into a pyrex furnace tube. The cell 
arrangement is shown in the insert in Figure 4. The platinum wires 
connected to the cell were insulated with small diameter pyrex 
tubing. The leads were brought out of the furnace tube with tungsten 
to pyrex seals. The cell tençerature was determined with the use of 
a Pt,Pt-10% Rh thermocouple which had been calibrated with the 
melting points of lead and tin. Temperature control was to within 
+0.5 degree for each experiment. 
Materials 
The silver specimens used in this study were made by melting 
20 gage silver wire (purity 99.8%) in a fused quartz crucible in 
air. The disks that were formed were approximately 1/4 inch thick 
by 5/8 inch diameter. After they were cast, their planar interfaces 
were mechanically ground and polished. 
Reagent grade bromine was evolved into a flowing stream of helium 
by means of a bubbler at 0 °C with an ice bath. This temperature 
fixes a bromine partial pressure in the system of 0.083 atm (43). 
Ultra pure graphite disks 1/8 inch thick and 1/2 inch in diameter 
and weighing less than 0.15 gram were used as the external electrodes 
on the AgBr scale. 
Cell construction 
Bromination cells were constructed in the following steps: 
' ^ ^ — — • • • — A 1 ^  ^ ^ — IM «m M 
tx liOJLC dp ^ A. VA, JLUua uc JL jr \j • \j^ \j xiiwti xix wkxomc ucx wcko w w 
way into one of the planar interfaces of the silver disk, and a platinum 
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wire containing a bead on the end was pressed into the hole. This 
specimen was loaded into the cell holder and inserted into the furnace 
tube. The specimen was subsequently pre-brominated at elevated tengiera-
ture for a known length of time in order to establish a well defined 
initial thickness of AgBr according to the scaling rate data of Wagner 
(44). The cell holder was removed frmn the furnace tube and the 
graphite electrode containing a platinum wire lead was placed gently 
on the specimen. Welds were made to the two leads so that the final 
cell assembly appeared as shown in the Insert in Figure 4. 
Silicon Oxidation 
Apparatus 
Electrical measurements were made on silicon oxidation cells (A) 
situated on the cell support shown in Figure 5. The entire assembly 
was mounted in the vertical position so that the furnace could be 
raised or lowered over the furnace tube to rapidly heat and cool the 
cell. The 0-rlng, spacer, clamp arrangement (F, H, E) shown In the 
figure provided a gas tight seal to the fused quartz furnace tube (D). 
The oxygen and helium gases used in this study were dried by 
passage over anhydrous magnesium perchlorate with anhydrous calcium 
sulfate as an Indicator. The gas was admitted into the system through 
the inner tube (J) of the port (I) shown In the figure. It was then 
passed over the cell through holes in the alumina support plate (B) 
and discharged through the annular orifice (I). 
Figure 5. Schematic diagram of the furnace tube support and cell 
assembly used In the silicon oxidation experiments, 
(A) cell assembly 
(B) alumina cell support plate 
(C) alumina cell support tube 
(D) fused quarts furnace tube 
(E) brass clamp 
(F) 0-rlng 
(G) brass furnace tube support 
(H) brass spacer 
(I) gas outlet 
(J) gas Inlet 
H 
J 
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A high purity alumina tube (C) supported the cell in the hot 
zone of the furnace. Cell temperatures were measured with a Pt,Pt-10% 
Rh thermocouple which had been calibrated against the melting point 
of silver. Temperature control was to within +0.5 degree for a 
given experiment and +1.0 degree for the entire series of experi­
ments. 
Platinum wire leads (not shown in the figure) were connected to 
the cell and cell leads were protected with high purity alumina 
insulating tubing. The leads were brought out of the system through 
the use of an octal electrical feedthrough, and shielded copper wire 
was used for connections between the output terminals of the feed-
through and the instrument panel. 
Constant voltages and currents were applied to the silicon oxida­
tion cells through the use of the operational amplifier circuitry 
shown in Figure 6. In Figure 6a operational amplifier #11 serves as 
a nonparasitic current measuring device, i.e., no ammeter is located 
in the circuit across which an IR drop would occur. 
Materials 
Ultra high purity high resistivity (1000 ohm cm) silicon was 
used in this study compliments of John Baker of Dow Corning Corpora­
tion. The single crystal disks were 1/4 inch thick by approximately 
1/2 inch in diameter with the plane faces parallel to the (111) 
crystallographic plane. The disks had been electrochemically polished 
to a mirror finish. 
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Figure 6. Operational amplifier circuitry used in the silicon oxidation 
experiments, a) Potentiostat with = 10^  ohm, b) Galvanostat 
with Rg = 10° ohm. 
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Oxygen gas (purity 99.6%) was purified in the manner previously 
mentioned. All oxidation experiments were run at one atmosphere 
oxygen pressure. 
Platinum electrodes were electron beam evaporated with the assistance 
of Frederick Schmidt of the Ames Laboratory and Jon Schieltz of 
Tektronix, Incorporated. These electrodes were approximately 1000 A 
thick. Several specimens were also sent to Joseph Singer of NASA Lewis 
Research Center where platinum electrodes were sputtered onto the 
faces of the pre-oxidized specimens. These latter electrodes were 
o 
approximately 300 A thick. 
Cell construction 
The following procedure was used to clean the silicon disks 
before pre-oxldatlon. The specimens were ultrasonlcally cleaned for 
five minutes in each of the following reagents sequentially: 
trlchloroethylene, methanol, distilled water, buffered hydrofluoric 
acid, distilled water, nitric acid and distilled water. This was 
followed by a five minute rinse in a jet of distilled water. The 
recipe for the buffered HF solution was offered by Joseph Brown of 
the Electrical Engineering Department and consisted of 90 g of am­
monium blfluorlde, 35 g of ammonium hydroxide and 300 g of distilled 
water. The specimens (usually four) were wiped dry with paper tissues 
and finally dried in a hot air stream. They were then loaded into 
the cell support and furnace tube shown in Figure 5, and the entire 
system was alternately pumped down to a roughing pump vacuum and 
flushed with helium several times. The final pump down cycle lasted 
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between one and twelve hours to remove traces of oxygen or water vapor 
In the gas phase. The system remained under vacuum during the heating 
cycle. 
A tube furnace preheated to 850 °C was lowered over the system 
thereby rapidly heating the cell. Thermal equilibrium was generally 
reached in one hour, and the specimens were exposed to oxygen 
(P = 1 atm) for a given length of time depending upon the desired 
initial oxide film thickness. The oxide films formed in this manner 
were amorphous. The furnace was then lifted from the system, and the 
cell was cooled rapidly to room temperature. 
Upon removal from the furnace tube, the specimens were observed 
under an optical microscope for defects. The initial oxide thickness, 
Lq, was determined with the use of optical interferometry. Holes 
approximately 0.040 inch in diameter were drilled into the edge of the 
silicon disks with a carbide drill. Since cutting oil was used in 
this operation, the specimens were re-cleaned by the technique mentioned 
earlier except that the HF cleaning operation was deleted. 
The platinum electrodes mentioned earlier were applied to each 
face of the specimen. These electrodes are porous to oxygen gas at 
elevated temperatures. The porous nature of the electrodes is shown 
in Figure 7. Platinum was chosen over other noble metals such as 
silver and gold because it does not diffuse into the SiOg. Silver 
and gold are known to diffuse into SiOg under the Influence of ap­
plied electric fields (45). 
rui. UiàC JL4.U«ti. UpCA.auXUUS JLU CilC Vdt CUiia Ui. a. ^  
wire containing a bead on the end was pressed into the hole on the 
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(b) 
Figure 7. Photomicrographs of a Pt/Si02 interface taken after an ap­
plied electric field experiment. The porous nature of the 
1 ^ M  ^«* "î « «m*» »% \  ^1 *«*«$ ^  
 ^ \i. ^ WW WVhWO V* J  ^W^ «> 
(X 250). b) SEM micrograph (X 1500). Light regions of the 
micrographs are the platinum. Dark regions are the Si02-
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edge of the specimen. The cell was then placed between two foils of 
platinum on the cell support (Figure 5), and electrical leads were 
attached. 
During all of the operations described above, extreme care was 
taken to avoid contacting the specimens with the fingers to safeguard 
against sodium contamination. SiOg has an extremely small intrinsic 
conductivity due to oxygen at elevated temperatures, and minute traces 
of alkali-, aluminum-, hydroxyl- and hydrogen ions can contribute 
significantly to the conductivity. Significant alterations in the 
oxidation rate of silicon would be expected with this impurity 
doping (46). 
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RESULTS AND DISCUSSION 
Silver Bromlnation 
Applied electric field experiments 
Bromination cells, constructed in the manner described earlier, 
were studied at temperatures in the range 200 to 350 °C. The cells 
were exposed to bromine gas with P = 0.083 atm and P + P =1 atm. 
Br 2 He Br ^ 
The open circuit emf, was monitored with time until a steady state 
value was reached. Then constant currents and constant voltages were 
applied to the cell. This study consisted only of decomposition 
and acceleration experiments. Retarded bromination experiments were 
not conducted for the following reason. For this case cell voltages 
must be greater than E^  and less than E^ . For silver bromide scaling 
layers and E^  are so close (37, 38) that little change in cell 
voltage or total current can be expected with time. 
Decomposition experiments A total of four experiments were 
run in which the decomposition of AgBr was studied. Two of these 
experiments were conducted under potentiostatic conditions in 
which voltages large enough to decompose the AgBr scale were ap­
plied (V_ > E ). The current was monitored with time; however, 
r Tn 
the theoretically expected smooth traces In which the current in­
creases parabolically with time were not observed. Instead very 
noisy traces were exhibited in which the current fluctuated 
-4 
sporadically between 1 X 10 and 0.75 amp. The time Interval 
between fluctuations was typically on the order of a few seconds to 
several minutes. The erratic nature of these fluctuations suggested 
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that s «ne sort of instability was acting to short circuit the cell. 
The following explanation is proposed. 
When a voltage greater than the decomposition potential of AgBr 
is applied to the cell, silver bromide is decomposed at the anode 
(i.e., the AgBr, Br^  interface) according to the reactions 
h + AgBr "I Br^ Cg) + Ag* for interstltials [31] 
and 
h + AgBr + "I Br2(g) + Ag^  ^ for vacancies [32] 
where h is a positive hole, Agj^  is a silver ion interstitial, Ag^  ^is a 
silver ion on the silver ion sublattice and VÎ is a vacancy on the silver 
Ag 
ion sublattice In accordance with the notation of Kroger and Vink (47). 
At the cathode (Ag, AgBr interface) the following reactions ad­
vance to the right 
Ag* Ag° + h for interstltials [33] 
and 
Ag* Ag° + h + VÎ for vacancies [34] 
Ag Ag 
where Ag° is metallic silver in the standard state. The overall 
reaction becomes 
AgBr -» "I BrgCg) + Ag° [35] 
which corresponds to net decomposition. In the theoretical arguments 
presented earlier, planar scale interfaces were assumed. Thus, for 
the case of decomposition, silver metal is assumed to be deposited 
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atom by atom in a planar array at the Ag, AgBr Interface as shown 
in Figure 8a. However, if small instabilities should form by chance, 
as shown in Figure 8b, their growth will be favored according to simple 
laws of diffusion because the diffusion path is smaller from the 
anode to the tip of the instability than it is to the trailing planar 
interface. The largest instability will break away from the others as 
shown in Figure 8c and eventually forms a silver filament or dendrite 
which shorts the cell. 
An interesting phenomenon occurs when this silver dendrite reaches 
the anode (Figure 8d), The cell is now short circuited causing an 
abrupt rise in the applied current. However, the dendrite tip is now 
directly exposed to Br^  gas and hence, becomes rapidly brominated 
breaking the short circuit. As soon as the short circuit is broken, 
however, the decomposition voltage is restored across the cell. The 
cycle now repeats indefinitely causing the same observed erratic 
behavior. Apparently the other Instabilities (i.e., those which 
lagged behind the first) experience net growth (Figure 8e) during the 
time intervals when the short circuit is broken because the electrolyzed 
AgBr scales were found to contain many extended dendrites of silver as 
will be described later. 
This proposal could certainly account for the current fluctuations 
of four orders of magnitude observed during the AgBr decomposition 
experiments. Direct observations of the scales were undertaken to 
confirm the existence of the dendrites. The cells were cooled to 
AgBr film was removed from the silver by simply melting the AgBr in 
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(o) 
(d) 
Ag 
AgBr 
Ag-
H 
L 
Xk) 
Ag 
> 
AgBr 
jV 
Ag' 
H 
(e) 
Ag 
(c) 
Ag 
> 
AgBr 
Ag' 
H 
v.> 
K>J 
(a) Initial decomposition of AgBr at AgBr, Br2 interface 
(b) Instability formation 
(c) Instability growth 
(d) Dendrite short circuit 
(e) Dendrite annihilation with subsequent growth 
Figure 8. Proposed sequence for electrolysis induced dendrite formation 
in AgBr scaling layers. > E^ . 
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an induction furnace. Observation of the silver interface with both 
optical and scanning electron microscopes revealed that a large number 
of silver dendrites had been formed and retained. Figure 9 shows 
photomicrographs of these dendrites in several different specimens at 
various magnifications. 
The behavior just described was observed in two constant voltage 
experiments in which 1.0 volt and 5.0 volts were applied to the cell; 
and in two constant current experiments in which 30 and 40 mA were 
applied cathodic to silver. In the constant current experiments dips 
or abrupt minima in the measured voltages were observed with time. 
Dendrite formation in AgBr similar to that observed here was found 
by Tubandt (48) in his classical transference number measurements on 
silver and cuprous halldes. In his experiments AgBr pellets were 
sandwiched between two silver electrodes. Because Tubandt had no 
source of bromine with which to annihilate the silver dendrites, his 
cells remained short circuited after the first dendrite reached the 
anode. Thus, the results of this work and the earlier work of Tubandt 
show that planar decomposition of AgBr scales is not possible when 
silver electrodes are used. Instead instabilities form at the silver, 
silver bromide interface which grow and short circuit the cell. 
Generalizations concerning this effect on other scaling systems 
based solely on the dlffuslonal arguments presented above cannot be 
made, however, since surface and strain energy considerations could 
be important. For example, Tubandt (48) failed to observe dendrite 
f ^l*ina i 1 m "J c •* ^  om O  ^a a w*• rm mm  ^ "f wmm J J 
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even though silver iodide, like silver bromide, conducts electricity 
(a) (b) (c) 
Fl{^ re 9, Photomicrographs of the silver dendrites formed in the decomposition experiments. 
a) Optical micrograph of the silver dendrites (X 90). b) Optical micrograph of a 
single silver dendrite (X 97.5). c) SEM micrograph of several silver dendrites (X 750). 
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by silver ion migration. It is apparent that other considerations in 
addition to diffusional arguments ccme into play in explaining why 
this phenomenon is absent in Agi. 
Accelerated bromination experiments A number of experiments 
were run in order to accelerate the bromination rate of silver under 
potentiostatic conditions. Again, special effects were encountered 
which eventually violated the planar geometry assumptions of the 
theory. These effects were manifested as currents that were much 
smaller and which decayed much more rapidly than the theoretical 
calculations predicted. The calculations were based on known con­
ductivity data for AgBr. Thus, experimental plots of I^  ^versus 
t - tg were not strictly linear as predicted and, moreover, exhibited 
excessively large slopes and Intercepts. 
Again, the experimental cells were examined to diagnose the 
origin of the above departures. In each cell it was found that the 
AgBr scale had grown around the walls of the graphite electrode 
presumably according to the mechanism outlined in the sequence in 
Figure 10. In Figure 10a the cell is at open circuit, and the bromine 
can penetrate into the AgBr, C interface to consume silver ions as 
fast as they arrive to form AgBr. As soon as the potential is ap­
plied, an enhanced migration of silver ions is exhibited so that now 
bromine cannot penetrate the AgBr, C interface rapidly enough to meet 
the extra demand. The silver ions then migrate to the periphery of the 
graphite electrode where bromine is more plentiful as shown in 
Figure 10b. The AgBr which forms at the edge of the graphite electrode 
then seals the AgBr, C interface from further bromine penetration as 
(o) (k) (c) 
AgBr 
V,< 
AgBr 
Ag' 
V,< 
AgBr 
V, * L = 0 
(a) Open circuit 
(b) Switch closed - increased ion flow to rim of electrode - current surge 
(c) Electrode seoiad to Br^ flow - rapid current decoy 
Figare 10. Proposed sequence for local cell action at the anode periphery during accelerated 
bromination experiments. < E^ . 
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shown in Figure 10c. Thus, the amount of current which can flow is 
limited by the rate at which silver can diffuse to the edge of the 
graphite electrode where the three phases are in contact; namely, 
graphite, AgBr and Brg. Experiments of this type were run in which 
applied voltages ranged from 0 < < E^ . Currents were lower and 
decayed much more rapidly than would be predicted from the theoretical 
formulas presented above. 
Thus, dendrite formation occurred in the voltage range, V > E , 
L Tn 
and localized cell action at the anode periphery occurred in the 
voltage range < E^ . Both of these effects altered the geometry of 
transport kinetics (i.e., the planar assumption was violated) in the 
scale so drastically as to preclude a direct comparison of the 
kinetic formulas derived in the theoretical section and in Appendix B 
with the experimental results. Nevertheless, the observed behavior 
can be rationalized qualitatively if the geometrical alterations are 
taken into account. 
Silicon Oxidation 
Unlike AgBr, little is known about the intrinsic mechanisms of 
electrical conduction in SlOg (17, 18). Whereas trace amounts of 
impurities produce negligible Increases in the total conductivity of 
AgBr, trace impurities such as aluminum-, alkali-, hydroxyl- and 
hydrogen ions produce increases of several orders of magnitude in the 
total conductivity of SiOg (see, for example, references 17, 18, 49). 
This is because intrinsic SlOg is nearly an insulator even at 1000 °C. 
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Thus, relatively few attempts have been made to measure the conductivity 
of undoped or intrinsic SIO^ . In the few studies that have been made 
a large amount of disagreement exists in the conductivity data reported 
by different investigators partly because the specimens of "pure" 
vitreous silica were obtained from different sources. 
As techniques have improved the purity of silica, the reported 
conductivity has decreased. The lowest conductivities to date have 
been reported by Jorgensen and Norton (50) for Corning 7940 fused 
(amorphous) silica and by Laverty and Ryan (5) for thin amorphous SiOg 
films. The measurement of Jorgensen and Norton was made on an oxygen 
permeability cell with 6 Torr of oxygen on the high pressure (P" ) 
-7 2 
side and 10 Torr total pressure on the mass spectrometer side of 
the cell. Their reported conductivity value of 2.2 X 10 ^  ohm ^ cm ^  
at 1000 °C, therefore, amounts to a spatial average through the SIO2 
film. This value is very difficult to Interpret quantitatively, how­
ever, because among other things, the oxygen pressure on the mass 
spectrometer side of the cell is probably highly uncertain. 
Laverty and Ryan (5) measured the total conductivity of a thin 
film of SiOg a silicon substrate at 850 °C. Their cell design was 
of the type OglPtj SiOgj Sl| SiOglPtj O2 so that a P^  or difference 
existed across each of the SiOg layers in the cell. Thus, their value 
of 5.3 X 10 ohm ^ cm ^  at 850 °C also corresponds to a spatial 
average over the profile set up in the SIC» layers. However, 
"2 
at least the oxygen chemical potential was well defined at both 
clecLtôJeà. Nevertheless, their average value ic still net ssiessble 
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to quantitative interpretation unless hypotheses are introduced re­
garding the defect structure and p, profiles to be expected in SiO„. 
°2 
In contrast to these conductivity studies, measurements of the 
scaling rate constant of silicon and oxygen permeability in SiOg 
have been more successful. These measurements can be easily cor­
related (51), and good agreement is found. The scaling rate constant 
(5, 30), oxygen permeability (28) and diffusivity (29) have been ob­
served to obey a linear oxygen pressure dependence suggestive of neutral 
transport in SiOg. However, measurements were only made over one order 
of magnitude in P . 
"2 
It is necessary to know the mechanism of mass and charge trans­
port (defect structure) in SiOg in order to obtain detailed predic­
tions of the kinetics of SiOg film thickening and thinning under 
potentiostatic and galvanostatic conditions. This is because predicted 
rates may vary considerably with transport mechanism. The two general 
transport models to be considered here are the constant ionic conductivity 
model and the constant ionic transference number model. Apparently 
SiOg is neither a predominant ionic or electronic conductor (3); 
hence, it is not certain a priori which is the correct mechanism. 
The constant model assumes that predominant ionic conduction 
exists in the mixed conductor over a significant range of P_ . This 
*2 
assumption requires that nearly equal concentrations of vacancies 
and interstitials exist in the material (52) as is the case, for 
example, in AgBr. Revez (53) has pointed out that vacancy migration 
in SiO_ is energetically iinfnyrtT-eble due to the rigidity cf the 
silicon-oxygen tetrahedra comprising the SiOg network. The term 
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network Is used here Instead of lattice because SlOg films are 
amorphous In nature. Instead It Is much easier for oxygen ion inter-
stltlals to migrate through the SiOg network with charge compensation 
due to hole migration (53). This latter conduction scheme is 
consistent with the constant t. model. Nevertheless, both models ion 
have been examined for SiOg, and predictions for the thickening and 
thinning kinetics are delineated and discussed below. 
A number of Independent measurements can be made to infer the 
transport mechanisms in a mixed conducting scale compound. Two of the 
most reliable methods are to measure the open circuit emf, and the 
total electrical conductivity, a^ , of the compound as functions of 
temperature and partial pressure or chemical potential of the nonmetal 
species (52, 54). Measurements of the scaling rate constant of a 
metal as a function of partial pressure and temperature can also 
yield useful results (54). Frequently the nonmetal chemical 
potentials are fixed with the use of coexistence electrodes (52) 
although gas phase equilibria, for example, Hg/HgO and CO/COg mix­
tures in conjunction with porous platinum electrodes have also been 
used (52). By employing these types of reversible electrodes, 
and a_ can be measured over many orders of magnitude in P . 
*2 
Unfortunately coexistence electrodes must not be used in 
conjunction with SlOg if one is to prevent diffusional contamination 
of the SiOg by the electrode metal. Such contamination would certainly 
swamp the intrinsic defect nature of SiOg thereby undermining the 
validity of emf and conductivity measurements. Since many gaseous 
constituents also diffuse into SiOg, the use of gas phase equilibria 
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such as Hg/HgO and perhaps CO/COg could be expected to also alter the 
intrinsic nature of SiOg again producing dubious results. Thus, the 
<mly conductivity studies that have been reported to date for pure 
SiOg have involved pure oxygen gas or o^ g^en plus inert gas mixtures 
together with porous platinum electrodes which presumably do not 
contaminate the SiOg. Some of these studies (5) have involved non-
symmetric conductivity cells with the SiOg grown on pure silicon im­
mersed in oi^ gen gas. Thus, the endpoint F. values are P" = 1 atm 
2 "2 
and P* = P_^  given by Si, SiO, coexistence. Similarly,a few open 
"2 
circuit emf measurements have been made across such cells (3). 
Open circuit emf measurements 
A large number of open circuit emf measurements were made on non-
symmetric cells of the type SilsiOglPtjOg in order to determine the 
average ionic transference number of SiOg. Host of these measure­
ments were made on cells with initial film thicknesses of 1500 to 
o 
2000 A. These measurements were carried out as preliminary studies 
in each of the applied electric field experiments. Although a scatter 
of + 50 mV was observed for all of the experiments, most of the ob­
served emf values were in the vicinity of 420 mV. This corresponds to 
an average ionic transference number of 0.24. Other values for the 
average ionic transference number have been reported in the literature 
ranging from 0.40 to 1.0 (3, 50, 55) depending on the purity of the 
SiO^ ; however, the value of 0.24 was used for the theoretical, calcula­
tions in the present work. 
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Scaling rate tgeasurements 
The scaling kinetics of silicon were measured at 850 % In order 
to make an Independent determination of the scaling rate constant of 
silicon to be used in subsequent calculations. The procedure was to 
oxidize a silicon specimen for a known length of time, etch off part of 
the SlOg with a buffered HF solution and then determine the oxide thick­
ness with the use of optical interferometry. This technique is con­
venient and Inexpensive; however, accuracy is only to within 10% for 
thicknesses from 1000 to 5000 A (56). 
The data are presented in Figure 10 and are compared with the 
results of Jorgensen (3) and Deal and Grove (30) for the oxidation of 
pure and heavily doped silicon, respectively. Because of the dif­
ferences in scaling kinetics observed by these investigators, several 
experiments were run. It can be seen from the figure that the data 
obtained in the present study are in close agreement with the results 
2 
of Jorgensen. The slope of the L versus time plot yields a scaling 
• 11 9 
rate constant of 1.25 X lO" cm /h at 850 °C. 
It will be shown below that neutral transport in SiOg is 
negligible. Thus, the value for the scaling rate constant obtained 
here will be interpreted to be that due solely to oxygen ion migration. 
This value for k + k^  *** k is used in conjunction with the value for 
reported in this work to deduce conductivity parameters necessary 
for predicting the effect of applied electric fields on silicon oxida­
tion for both the constant t. model and the constant o. model. ion ion 
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Figure 11. Measurements of the scaling rate of silicon in pure oxygen at 850 °C under open 
circuit conditions. 
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programs calculating the galvanostatlc scale thickening and thinning 
kinetics for SlOg films are given in Appendices F and G. 
Applied electric field experiments 
Potentlostatic scaling kinetics Most of the applied electric 
field experiments were %run under constant voltage; i.e., potentlostatic 
conditions. This is because the current-time data can be simply 
- 2  
converted to plots of versus t - t^  which should be linear as 
was pointed out in the theoretical section. Also according to the 
theory such linearization of the data is not possible for the 
galvanostatlc case. 
The experimental procedure was to heat the preoxldlzed silicon 
cell assembly containing the platinum electrodes and lead wires in 
vacuum to 850 °C. Oxygen was admitted into the system, and the open 
circuit emf was monitored until a steady state value was obtained. 
Constant voltages ranging from 0.0 to 5.0 volts were then applied to 
the cell using the operational amplifier scheme shown in Figure 6a. 
Accelerated growth should be exhibited in the voltage range 0.0 < 
and retarded growth in the voltage range where 
= 0.42 volts. In the voltage range decomposition should 
be exhibited. If the flux of neutral oxygen is negligible in SlOg, 
H^alt the thermodynamic emf. The thermodynamic emf has 
been calculated from thermochemlcal data (57) and is 1.754 volts at 
850 °C. Due to the symmetric nature of the cells, only half of the 
cell was used for the applied electric field experiments as shown 
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In Figure 12. The open circuit emf and conductance were measured 
across the other half of the cell. 
Platinum and silicon form a eutectlc at 830 (58) so that loss 
of the center lead by eutectlc melting most generally limited the life 
of the cell. Care was taken during the cell fabrication to guard 
against tension in the center lead, and observing this precaution 
greatly extended cell life. However, after prolonged exposures to 
oxygen, on the order of weeks, oxide formation eventually separated 
the center platinum lead from the silicon substrate and terminated the 
useful life of the cell. 
Decomposition experiments Voltages in the range 1.80 < 
< 5.00 volts (cathodlc to silicon) were applied over SiOg films thermally 
grown to thicknesses of 5000 A on silicon. Jorgensen's galvanostatic 
thinning experiments (4) showed that electrolytic decomposition of 
SiOg films proceeds uniformly thus preserving their planar geometry. 
It was, therefore, anticipated that potentiostatic decomposition would 
likewise preserve the planar scale geometry during thinning and would 
give rise to the tlmewlse current increases predicted in the theoretical 
section. 
In the present investigation, however, localized breakdown of the 
SlOg films occurred as evidenced by highly sporadic current fluctua­
tions. Moreover, this phenomenon was observed in all experiments where 
voltages greater than 1.8 volts were applied. This fact seems to be 
totally Inconsistent with Jorgensen's experiments because his voltages 
decomposition and yet the films reportedly did not fail locally. In 
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©2 (GAS) 
SiOg FILM 
POROUS PLATINUM 
t1 
Figure 12. Schematic diagram of the cell arrangement and external 
electrical circuitry used to study the kinetics of Si02 
scale thickening and thinning. Constant voltages and cur­
rents were applied with the circuitry shown in Figure 6. 
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retrospect, it is teiq>ting to speculate that the platinum to silicon 
contact (see Figure 12) in Jorgensen's experiments had been separated 
by SiOg formation, thus shifting a significant but unknown portion 
of the voltage drop off the SiOg layer that was being thinned. If this 
is so, one must interpret Jorgensen's findings in terms of a double 
cell involving not one but two layers of SiOg. Raleigh (14, 16) has 
also suggested this possibility in attempting to rationalize 
Jorgensen's results as will be discussed later. Such an interpreta­
tion would be greatly complicated by geometrical considerations among 
other things and would also require knowing the voltage over both SiO^  
scales individually. Hence, no further speculation on this matter is 
offered. In the present investigation, however, the unanticipated 
localized breakdown behavior precluded a quantitative interpretation 
of the voltage versus time data in the decomposition mode. However, 
a description of these observed effects and a qualitative interpreta­
tion will be given. 
Figure 13 shows the planar surface of a typical specimen after 
exposure to a potentiostatic decomposition experiment at 850 OC. In 
Figure 13a the specimen had been prepared by first etching the platinum 
electrode away in aqua regia and then removing most of the SiOg 
with HF. This leaves the silicon substrate surface only partially ex­
posed while the remainder is still covered with adherent flakes of 
SiOg scale. It is evident from Figure 13a that localized pits have 
been excavated in the silicon substrate, some have penetrated through 
Rin. fl altA« and ffnallu annoai- fr* Tn^ fnrmino KoTioai-Vi iin<1amg oati 
regions of these flakes. Figure 13b merely shows the same specimen 
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(b) 
Figure 13. SEM micrographs of damage to the Si, Si02 Interface in a 
decomposition experiment, a) Partially etched specimens 
showing breakdown damage pits in the silicon substrate sur­
face and in the retained flakes of Si02 (X 3000). b) Pits 
in the silicon substrate of a fully etched specimen (X 3000). 
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(different region) after complete removal of the SlOg with the HF 
etchant. Features of these types were observed for all decon^ osltlon 
voltages greater than 1.8 volts, and the following explanation In terms 
of localized electrolytic decomposition followed by cata&trophic 
dielectric breakdown is offered. 
According to Klein (59) catastrophic dielectric breakdown occurs 
in three stages. In the initial stage a localized avalanche of 
carriers is initiated when the local voltage gradient exceeds some 
critical value typically in the range of 10^  to 10^  V/cm for insulators. 
Snow and Deal (60) found this critical value to be 8 X 10^  V/cm for 
2 SlOg films at room temperature. Localized I R type heating results 
which causes the current to run away during the second phase of break­
down because the conductivity of Insulator materials Increases 
exponentially with temperature. In the final stage current arcing 
vaporizes the electrode materials as well as the interposed dielectric 
Insulator in the immediate vicinity of the arc. The damaged region 
then becomes a nonconductlve void, and the breakdown is said to be 
self healing (59), 
In addition to dielectric breakdown, electrolytic breakdown can 
also occur if mobile ions prevail In the compound. A most important 
difference between these two modes of breakdown is that electrolytic 
breakdown is induced by a critical voltage difference (namely, the 
thermodynamic emf If J = 0) but is otherwise independent of the 
2 
voltage gradient in the specimen. Dielectric breakdown, on the other 
hand, CûsZcnCcô orily afLci a critical voltage gradient is surpassed 
but is otherwise independent of total applied voltage. In view of 
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these concepts the observed breakdown effects can be rationalized with 
the aid of the sequence shown in Figure 14. 
In the initial stage, shown in Figure 14a, electrolysis of SiOg 
commences at the Si. SiOg interface. Suppose that small protuberances 
form as highly conductive, partially reduced pockets of SiOg (Figure 14b). 
Then, once formed, the tip of the most protruding SiOg pocket propagates 
ahead of the others and ahead of the planar interface. That is, the 
oxygen removal rate from the tip of this protuberance is greater than 
that from all the other points. This is because the average field 
gradient from that tip to the anode is greater than that between all 
the other cathode locations and the anode. Thus, the pocket of 
partially reduced SiOg evolves into a dendritic spike in a runaway 
mode of propagation. 
As the tip of the reduced SiOg dendrite gets closer to the anode, 
the local voltage gradient in front of it continues to increase even 
though the applied voltage remains constant. Eventually the critical 
gradient (about 8 X 10^  V/cm) required for the catastrophic dielectric 
breakdown of SiOg is exceeded whereupon arcing vaporizes the remaining 
path length as shown schematically in Figure 14c. In this way the 
short circuit is broken, and the breakdown is self healing. Thus, the 
whole process starts over again at the next largest conductive pro­
tuberance on the cathode. 
The electrolytic breakdown phenomenon observed here provides 
strong evidence for the domination of charged over uncharged oxygen 
mm ^ ^ ^ s O .f ^ m i ^ a  ^ A* «te j ^ ^ m ^ «m «C m# ^ ^ mm a1 1 *9 
tend to annihilate the protuberances as they approached the anode. 
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Si 
(a) 
SiO, Si 
(b) 
Si<3L Si 
(c) 
SiO« 
// 
H 
(a) - Initial decomposition of Si, SiOg interface 
(b) - Formation of region of highly reduced 
SiO, 
(c) - Growth of reduced region with subsequent 
arcing due to dielectric breakdown 
Figure 14. Proposed sequence for electrolysis induced dielectric breakdown 
for SiOg layers at elevated temperatures. 
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Furthermore this phenomenon occurred at all voltages greater than the 
thermodynamic emf. In view of Eq. [20] this implies that J is 
negligible. Were the flux of neutral oxygen nonzero, a voltage con­
siderably greater than E^  would have had to be applied to cause 
electrolytic breakdown. Finally the fact that these protuberances 
grow from the cathode instead of the anode requires that oxygen ions 
as opposed to silicon ions carry the electrolysis current. Evidence 
for this has also been reported previously by Jorgensen (3) and 
Karube et al. (61). 
To further substantiate the foregoing mechanism of electrolysis 
induced breakdown, similar studies were conducted with applied voltages 
of opposite polarity. Such voltages would not be expected to give 
rise to pockets of electrolytically reduced SiOg because the pockets 
would now have to form at the platinum electrode where the abundance 
of oxygen gas would immediately reoxidize them. Such reoxidation would 
reconvert the pockets to insulators thus arresting the electrolysis 
current required for the breakaway propagation mode. Hence, catastrophic 
breakdown with reverse bias should require much larger applied voltages 
because now the critical gradient of ~ 8 X 10^  V/cm must be set up over 
the entire thickness of the SiOg film. For an initial thickness of 
5000 A the required voltage would be about 400 volts at room tempera­
ture. The experiments revealed no breakdown below 120 volts with 
catastrophic breakdown above that value. The observed voltage is 
sufficiently close to the predicted value to serve as a confirmation. 
vc^-wagc gra-^criw at temperatures ..as net ^een 
previously measured; however, one would expect this gradient to be 
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g 
somewhat less than the room teiq>erature value of 8 X 10 V/cm given 
by Snow and Deal (60). 
The cell used for this study was observed under the scanning 
electron microscope with the platinum electrode still intact. SEM 
micrographs of the breakdown pits are shown in Figure 15. In the lower 
SEM micrograph breakdown was probably assisted by, or perhaps caused, 
à crack in either the silicon substrate or the SiOg. The pits which 
formed with reverse polarity are much larger than those shown in 
Figure 13 which is an indication of the additional energy input 
necessary to cause the breakdown. 
Accelerated and retarded oxidation experiments Constant 
voltages ranging from 0.0 to 1.75 volts were applied cathodic to 
silicon in order to accelerate or retard the scaling rate. Â gentle 
current decrease with time vas e^ qtected due to scale thickening; 
however in each experiment, an excessively rapid current decay was 
observed with current magnitudes being much smaller than anticipated. 
Moreover, data plots of I~ versus t - t^  exhibited nonllnearity for 
all of the experiments lAich suggests electrode nonreversibility. 
This suspicion was apparently bom out by an e^ erinent in which 
the voltage was increased at intervals lAile the steady state current 
was measured. Virtually linear plots of versus would indicate 
truly reversible electrode behavior; however, a nonlinear plot with 
downward curvature was obtained. Nonlinear plots of this type sug­
gest that at least one of the electrodes was suffering a degree of 
polarization. 
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(b) 
Figure 15, SEM micrographs of self healing electrical breakdown of a 
Si02 film induced by a large accelerating field, a) Break­
down in a defect free region of the SiÛ2 film (X 1500). 
b) Breakdown along an imperfection (X 1500). 
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The two different types of platinum electrodes described earlier 
were tried In an attempt to improve electrode reversibility. The 
sputtered platinum electrodes obtained from' NASA Lewis Research Center 
apparently volatilized and were lost after a few hours at 850 °C. 
The electron beam evaporated electrodes lasted the duration of the 
experiments; however, the same polarization effects were exhibited 
by all of the electron beam evaporated electrodes despite the fact 
that they were provided from two Independent sources. Further 
attempts to improve electrode performance were abandoned primarily 
because of inaccessibility to a suitable sputtering facility. 
Galvanostatlc scaling kinetics Several applied electric 
field experiments were conducted under constant current; i.e., 
galvanostatlc conditions. Again, electrode polarization effects 
were encountered as evidenced in this case by excessively rapid 
voltage transients. A typical versus time plot for these experi­
ments is 8ho%ni in Figure 16. The constant current of l^ A was ap­
plied cathodlc to silicon with the intention of retarding scale 
growth. The Initial voltage Increase shown in the figure is too 
rapid to be interpreted in terms of oxide scale thickening. 
Thus, the experiments carried out as part of the present work 
could not be used to quantitatively confirm the applicability of the 
theoretical formulas developed in the theoretical section and the 
appendices. It has been argued, however, that this was due mainly to 
cathodlc polarization and related geometrical effects which could not 
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Figure 16. Plot of versus time for a typical galvanostatic retarded oxidation experiment at 
850 OC. = IpA cathodic to silicon; Lq = 1750 X. 
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It is, therefore, of interest to examine the earlier results of 
Jorgensen (3, 4) in the light of the same formulas to see if acceptable 
agreement is realized for those experiments This is especially 
interesting not only because Jorgensen took special care to develop a 
sputtering procedure which he states provides a reversible porous 
platinum electrode on the SiOg surface, but also because he reported 
no electrolytic or dielectric breakdown effects during SiOg decomposi­
tion. Indeed he reports that thermally grown SiOg films decompose 
uniformly thus preserving the planar scale geometry assumed in the 
theoretical development. 
Comparison of theory to previous galvanostatic studies 
Jorgensen studied the galvanostatic scaling kinetics of silicon of 850 °C 
under conditions of accelerated growth (3), retarded growth (3) and 
decomposition (4) in which plots of V^ , versus time were presented. The 
case of accelerated growth can only be discussed qualitatively because 
Jorgensen did not report the initial film thickness Lg nor the constant ap­
plied current I^  that was used. Nevertheless, it can be said that the 
2 linear plots of versus time obtained by Jorgensen do not seem to be in 
qualitative accord with the theoretical predictions of the present 
theory. In particular, it was shown in the theoretical section that 
2 parabolic scaling kinetics, as revealed by linear plots of versus 
time, are not to be expected for galvanostatic experiments because the 
parameter r cannot be strictly independent of time. On the other 
hand, it might be argued that if either r or k(r, t) in Eq. [30] is a 
sufficiently function of tHs obssrvsd pHTsbollc 
dependence might be predicted at least to a first approximation. 
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Therefore, theoretical calculations of r and k(r) versus time were 
carried out for reasonable choices of Lq, I^ , the conductivity parameters 
of SiO_ and their P dependences at 850 °C. None of these choices; 
z og 
however gave an acceptable fit to Jorgensen's plots. Further attempts 
to determine the best fit possible were not considered worthwhile since 
Jorgensen had left so much of the essential information unspecified. 
Jorgensen's measurements for a retarded growth experiment are 
compared with the theoretical predictions of the present work in 
Figure 17. Here the curves were calculated assuming the constant 
ionic transference number model with the scaling rate constant due 
to neutral migration, set equal to zero In accordance with earlier 
discussion. The calculated curves for the constant ionic conductivity 
model fall well below the plotted curves and have been deleted for 
clarity. It can be seen from Figure 17 that the agreement between the 
theory and Jorgensen's experimental results is not striking. However, 
it should be mentioned here that rather Important details regarding 
Jorgensen's experiments can be called into question. For example, 
Jorgensen's original data plot (3) in Figure 17 passed through the 
origin which contradicts the fact that must be greater than in 
order for retarded growth to occur. This is suggestive of oxide forma­
tion at the center electrode (see Figure 12). When later confronted on 
this point by Raleigh (14, 16) Jorgensen simply altered the plot so 
that in a recent paper (25), it appeared as shown in Figure 17. His 
rationalization for doing this goes as follows: At the beginning of 
t'n#» experiments, porous platinum electrodes contacted the silicon 
crystal in the absence of SiOg at 850 °C. Thus, a zero voltage 
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Figure 17. Comparison between theoretical predictions and Jorgensen's experimental results for 
galvanostatlc retarded oxide growth at 850 °C. Lq = 0 A. 
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reading vas obtained. As soon as the oxide scale formed, the voltage 
was observed to junq» to 0.65 volts. Thus, it was argued that the curves 
should have been drawn through the ordinate at 0.65 volts. 
The above seems to be a gross alteration of the original data 
especially when several lowest data points were significantly to 
the right of the origin. Moreover, the practicality of heating a 
silicon crystal to 850 °C sandwiched between two platinum electrodes 
in vacuum can be questioned. It is well known that platinum forms a 
eutectic with silicon at 830 °C (58). If the sputtered platinum 
electrode on the planar interface was initially in contact with the 
silicon (as zero initial emf values would indicate), then the eutectic 
reaction would be expected to permanently damage the cell. To sub­
stantiate this conjecture, a silicon disk sandwiched between two 
platinum foil electrodes was heated in vacuum to 850 exposed to 
oxygen and then cooled and examined. Visual as well as microscopic 
examination of the cell indicated that silicon had indeed attacked the 
platinum and that the foils had remained shorted to the silicon. Thus, 
no explanation for the apparent absence of this eutectic reaction in 
Jorgensen's experiments at 850 °C can be offered. 
In a later paper Jorgensen (4) studied the galvanostatic decomposi­
tion or thinning kinetics of SiOg films. Shown in Figure 18 is a plot 
of Jorgensen's versus time data compared with a theoretical calcula­
tion based on the constant t. model. The constant a. model predicts ion ion 
retarded growth for the specified experimental conditions with the 
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Comparison between theoretical predictions and Jorgensen's experimental results for 
galvanostatic decomposition at 850 OQ, = 4|jA; Lq = 5000 A. 
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that a considerable disparity exists between Jorgensen's data and the 
theoretical predictions. 
Attempts were made to force a fit between Jorgensen's data plots 
and the theoretical curves by arbitrarily altering the magnitudes of 
some of the parameters involved in the calculations; e.g., a^ , t^ ^^ , 
a. and k . These alterations proved to be unsuccessful for fitting ion n 
Jorgensen's data. For example, in order to approximate the slope of 
Jorgensen's versus time plot in Figure 18, a total conductivity 
which is a factor of 50 less than the one used in the prediction for 
the constant model is necessary. However, this implies an 
intercept of 20 volts which is much larger than the 4.0 volts observed 
by Jorgensen. Allowing the flux due to neutral oxygen to differ from 
zero will increase the slope as well as the intercept; however, in 
view of Eq. [20] increasing J^  also increases perceptibly above 
E_ when halt voltages on the order of the thermodynamic emf were 
Tn 
actually observed by Jorgensen. Increasing t^ ^^  will improve the fit 
in Figure 18 but will make the fit worse in Figure 17 by increasing the 
intercept while remains the same. Other simultaneous variations 
of these parameters have been tried with equally little success. Finally 
it is difficult to see how any theory will predict the rather abrupt 
corners exhibited in the plots obtained by Jorgensen unless one pro­
poses an abrupt change in oxidation mechanism during the oxidation 
process. This would seem to be an unlikely possibility. 
Thus, attempts to rationalize Jorgensen's data in terms of the 
•  ^  ^  ^  ^ a a. a 3 ^  C m m m  ^  ^^  a ji*  ^1 «V a C ^  pLCttciic cueui.>9 Wààxuu aoouuico uuiupxcuc uixtwatwu wwui-i-wo. 
layer have been unsuccessful; notwithstanding the fact that both 
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Jorgensen (3, 4, 25) and Raleigh (14, 16) base their discussions 
qualitatively on Wagner's theory (26). Wagner's theory at open circuit 
(26) was extended in a logical manner in the present work, and the 
formulas which resulted were used to rationalize Jorgensen's experimental 
data. Serious disparities between the theoretical predictions and the 
experimental results were found. In view of the findings of this work, 
a theory which takes into account phase boundary reactions might be 
more useful. However, such a theory is beyond the intended scope of 
the present work which deals only with diffusion controlled scaling 
reactions. 
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SUMMARY AND CONCLUSIONS 
1. A quantitative theory for the effect of applied electric 
fields on diffusion controlled scaling kinetics was presented. This 
theory predicts the kinetics of scaling layer thickening or thinning 
when the total current is nonzero and when a neutral flux of oxidant 
is permitted. 
2. Definitive formulas for scale thickness, cell voltage and 
total current as functions of time were derived in terms of experi­
mentally measurable quantities. 
3. A quantitative formula was derived which predicts the voltage 
necessary to arrest scale thickening or thinning. This voltage must 
exceed the thermodynamic emf by a well defined amount proportional to 
the flux of the neutral oxidant species. When no neutral transport is 
possible, the halt voltage converges to the thermodynamic emf. 
4. The formulas developed in this work were used to show that 
the theory (which is basically Wagner's theory extended to applied 
field conditions) does not constitute an adequate description of the 
effect of applied fields on the oxidation of silicon in dry oxygen. 
This is contrary to claims, based on qualitative arguments, previously 
made in the literature. 
5. It was shown experimentally that applying voltages greater 
than the thermodynamic emf (the substrate being the cathode), to the 
scaling systems Ag, AgBr and Si, SiOg renders the initially planar 
scale geometries unstable. Invariably highly localized reactions 
take place in the decomposition mode as manifested by silver dendrite 
77 
formation in the AgBr layers and by electrolysis induced dielectric 
breakdown in the SiOg scaling layers. 
6. From the breakdown voltages and morphologies for the SiOg 
films, it may be concluded: (A) that oxygen ions as opposed to silicon 
ions are responsible for electrolysis currents in SiOg: and (B) that 
neutral oxygen fluxes in SiOg are negligible in comparison to the 
current carried by the oxygen ions. 
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APPENDIX A. GENERAL SOLUTION FOR t = t(r) FOR THE GALVANOSTATIC CASE 
The procedure for obtaining t = t(r) Is to eliminate L and L 
from the kinetic equations In favor of r. For example solving Eq. [2l] 
for L in terms of r and I^  results in the following expression: 
A n 
• c L  
<2 [1 + r][aj + 
Lra^  - - CgJ IbgF ' 
Taking the time derivative of Eq. [A-1] we get 
L = A n 
Lrtjg - - (TgJ 2Z2F i • [A-d 
[A-1] 
or more simply 
L = A(r)r [A-3] 
where A(r) is the integral expression in the braces in Eq. [A-2]. 
Substituting Eq. [21] into [ll] we get 
L = vI (^y^^ )/FA + k^ /L. [A-4] 
Now L can be eliminated from Eq. [A-4] by substituting in Eq. [A-1] 
so that 
i = PÂ^ (' _i_, ^ J. A [1 + + a^]a.3 1 + r nj L j [ra^  - 2Z2F 
[A-5] 
or 
L = B(r) [A-6] 
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where B(r) is the cumbersome expression for r on the right hand side 
of Eq. [a-5]. We may now eliminate L in favor of r = dr/dt by equating 
Eq, [a-3] to [A-6]. This gives 
A(r) = B(r) [A-7] 
which is easily amenable to the separation of variables method. Ac­
cordingly Eq. [A-7] integrates to 
.r 
A(r)/B(r)dr. [A-B] 
Of course Eq. [A-S] applies to any scaling system as long as the 
dependences of Cg and on are left unspecified in the 
integral formulas for A(r) and B(r). 
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APPENDIX B. DERIVATIŒ OF THE GALVANOSTATIC SCALING KINETICS 
ASSUMING THE CŒSTANT IONIC CONDUCTIVITY MODEL 
The assumption of constant ionic conductivity, introduces 
major simplifications in Eq. [A-l], since now is 
independent of . For example, Eq. [21] may now be written as 
2 
ks ra. '"4. ion A + r. I 2 3 2 r 
4 ' I . Ltoj - - ajj ZzjF ' 
S 
or equivalently as 
L = -
T^ / / 1 -% 
2Z2F 
[B-2] 
where Eq. [B-2] is the sum of two integrals. The first is Identically 
equal to - E^  (Eq. [17]) while the second is identical to (Eq. [15]) 
Thus, 
L = (E^  - V^ ). [B-3] 
Taking the time derivatives of this expression we obtain an equation 
analogous to Eq. [A-3]; i.e., 
CB-4] 
where = V^ (r) given by Eq. [15]. Substituting Eq. [B-3] into [A-4] 
to eliminate L gives 
, VIT p. _ , r^ ion ,1 +• r, „ ^ n-l d 
 ^= FT ^TTT^  ^  '^'TH - 'T'J • 
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Equating Eq. [B-5] to [B-4] and simplifying we get an equation of the 
form 
cpAd(cpA)/dt = a + bû [B-6] 
where 
V - f e ] " V 5 5 [ 3 -
[B-7] 
Solving Eq. [B-6] by separation of variables results in 
- ' 0 =  t . t„  I [B-8] 
0 
where the integral in Eq, [B-8] may be readily solved by numerical 
integration techniques. 
A further simplification results of the flux of neutral species 
is negligible in comparison to the ionic flux. Then and the 
constant, a, in Eq. [B-6] vanish reducing Eq. [B-8] to 
< t - tQ = ^  I cpd(cpA). [B-9] 
Integration by parts then gives 
r .r 
2b[t - tg] - cp^ A + j cp 
r« •'r„ 
d^A [B-10] 
0 0 
The forms of A and dA, and hence, the interdependence of t and r, are 
ultimately determined by the inherent defect structure of the scaling 
layer involved. Once this information is put into the problem, the 
integrals take standard forms and we get t = t(r) explicitly. Then 
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it is a simple matter to calculate V^ , L and t values for as many 
r values as may be desired. One merely inserts each r value into 
Eqs. [15], CB-3] and t(r) respectively. This method is necessary 
because of the highly complicated functions of r which generally 
result on the right side of [B-IO]. Otherwise one could merely 
invert Eq. [B-8] to get r = r(t), insert the result in Eqa. [15] 
and [b-3], respectively, and then integrate to get V^ (r) and l(r) 
more directly. The method will now be demonstrated by applying it 
to a specific system; namely, Ag, AgBr for which the necessary informa­
tion is known. 
Silver Bromination 
Equation [B-IO] will now be applied to the particular case of 
silver bromination. The ionic conductivity of silver bromide is known 
to be i-L independent (32) and the magnitude and dependences of 
2 2 
the electronic conductivity are well known (38). The galvanostatic 
thickening or thinning kinetics can, therefore, be readily predicted. 
No neutral transport exists in AgBr so that k^  vanishes and 
Eq. [B-IO] is applicable. Silver bromide has the Frenkel defect 
structure; i.e., ionic defects consist essentially of equal concentra­
tions of silver ion interstitials and vacancies (23). Anion defect 
concentrations are negligible in comparison to cation defect 
concentrations so that a.  ^CT-i • The only mobile electronic defect ion 1 
of significance is the positive hole whose concentration varies as 
1/2 1/2 (38). Hence, is proportional to as follows: 
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"3 -
1/2 [B-11] 
where is the bromine pressure at which the hole conductivity is 
equal to the ionic conductivity. Knowledge of the pressure dependence 
of Gg allows us to integrate Eq. [B-10] to obtain the time dependence 
of r. The first step is to get V^ (r). Using Eq. [B-11] and the fact 
that is constant, Eq. [15] may be integrated to give 
" #F 
B^r, ri - r(P%r/P*) 
1/2. 
Ll - r(P^ _ 
2 
172 [B-12] 
where the variable of integration has been changed to P as follows: 
2 
Eq. [B-12] is.identical to the thermodynamic emf, E^ . Thus, 
T^H • "l ° ^ 
1 - r(Pg,^ /P,) 1/2 
1/2 [B-13] 
Letting (Pgr^ /P*)^ ^^  = P and (P^ ^^ /P^ )= a we get 
[B-14] 
and 
RT r g # 
F 1 - ra 1 - rp ]dr. [8-15] 
Substituting Eq. [B-14] and [B^ 15] into [B-IO] and remembering that 
1 ^  y 
cp = (—-—) we get 
2b[t - tjj] 
'^ 0 r^g 
[B-16] 
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This is equivalent to 
c - 'o ' & + 13'nCl^ ] + [2g + r 1 - rex r 
+ [2a + a^ ]^ n[lf^ ] + [Ê-^  [B-17] 
0^ 
where r^  is the value of r at t = t^ . The value for r^  is determined 
by rewriting Eq. [B-3] as 
+ r„ fl - r f 
; t « tQ, Cb-18] } - V. 
, = , t > t„. [B-X9] 
and solving for r^  by numerical techniques for given values of 
and Lq. Substituting the value of r^  into Eq. [B-17] gives the time 
dependence of r. Similarly, for t > tg Eqs. [B-3], [B-13] and [B-14] 
combine to give 
AR%j 
Y 
Thus, Eq. [B-19] may be used in conjunction with Eq. [B-17] to determine 
the time dependence of the scale thickness. The time dependence of 
may be obtained by using Eq. [B-12] in conjunction with Eq. [B-17]. 
Accelerated growth will be predicted when r < - 1 or < E^ ; retarded 
growth when - 1 < r < 0 + 6 or E^  < &nd decomposition or scale 
thinning when r > 0 + 6 or where 6 is an indication of the 
amount of neutral transport through the scale. 
The procedure for predicting the galvanostatic thickening or 
thinning kinetics of silver bromide can be summarized as follows: 
1) Determine the magnitudes of P^ , a and P used in the computa­
tions. Values of these parameters can be easily obtained for AgBr. 
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2) Determine r^  from Eq. [b-18] for a given set of Lq experimental 
conditions. 3) Increment r frcnn r^  to the desired final value. 
4) Calculate the corresponding values of t - t^ , and L from 
Eqs. [B-17], [15] and [b-3] which are all parametric in r. 5) One 
may then plot L and versus the calculated values of t - tg. 
A Fortran computer program illustrating this technique for silver 
bromination and using the conductivity data of Kurnick (62) and 
Raleigh (38) is given in Appendix E. 
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APPENDIX C. DERIVATIONS OF THE GALVANOSTATIC AND 
POTENTIOSTATIC SCALING KINETICS ASSUMING THE CONSTANT 
imiC TRANSFERENCE NUMBER MODEL 
Galvanostatlc Scaling Kinetics 
An alternate expression for Eq. [ll] can be derived in which 
the parameter r is absent. For example, if the identity + t^  = 1 
is Inserted into Eq. [8] we obtain 
" - 'ionV^  + '3^ '^  + [to, -, 
tojCaj -f cjj] '•'Xj 
J 2z,F + 2Z^ AJ„ /N. 2 X, 
[C-1] 
We can eliminate I^  from the second term in Eq. [c-l] by inserting 
the differential equation form of Eq. [2l]. Doing this we get 
Vl 
AT3 [1. + rjggCg^ , + a^ ] 
" " 'ion^ T^  ^" [CTj  ^ -V o^-¥ a^ J [ra^  -
AjgCffi. + Gg] , X^g 
2Z2F' 
* Lot, - - <JjJ 2 , 2 + 2:2Wx/»-
[C-2] 
Collecting coefficients on and then integrating over the scale 
2 
thickness we get 
. . 4  r '  
" " FL I 'ion'" - L 
*^ 2 'st'l + "2^  
I [ct, + ct„ + 
M. 
3^^  2z„F 
2 + 
[C-3] 
and substituting Eq. [lO] into [C-3] gives 
FLA f 'ion'" • L '^ 2 + "2^ • f oyL'l J„. l-'l + *2 + ^3^  2z„F^  
+ ACjj /N[. [C-4] 
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The second term In Eq. [C-4] is identical to Wagner's scaling rate 
constant (Figure 2) divided by L whence, 
.L 
^ = FLÂ / ^ion^ + [C-5] 
Jo 
Equation [C-5] is identical to Eq. [l] derived by Kroger (23) where 
the integral in the first term divided by L is t^ ^^ . This equation 
was not derived for the general case because t^ ^^  in the integral is, 
in general, strongly dependent on )ju . The internal profile must 
2^ *2 
change with time because L, r and are also changing. In effect 
this buries the time variable inside the Integral term in Eq. [C-5] 
thus precluding separation of the variables L and t. For this reason 
the alternative method of eliminating the parameter r amongst t(r), 
V^ (r) and L(r) was used for analyzing the general galvanostatlc case 
as well as the constant ionic conductivity case. 
For the constant t^ ^^  case, however, t^ ^^  is independent and, 
therefore, independent of location in the scale as well. Thus, 
Eq. [c-5] simplifies to 
L = vIjt^^^/FA + [k + kJ/L Cc-6] 
where t^ ^^  ^is constant independent of , L and, therefore, time. 
2 
Note that if L in Eq. [C-6] is zero, the electrolysis rate given by 
the first term just balances the diffusional fluxes of the second 
term. Equation [C-6] may then be solved for the final or steady state 
thickness, L^ , corresponding to L = 0. When this is done, is 
given by - [k + k^ ]/c where c is equal to the first term in Eq. [C-6J 
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and Is the rate at which the scale is being electrolyzed by an im­
pressed current. 
Since the first term in Eq. [C-6] is totally constant with time, 
Eq. [C-6] integrates to 
^0 = i L - + L An U €0 
r - L 
[C-7] 
Equation [C-6] and [C-7] will predict accelerated growth, retarded 
growth or thinning of the scaling layer depending on the magnitude and 
sign of the total current. 
It is now desirable to get an equation for the time dependence of 
the voltage since voltage can be measured in situ. The method of 
eliminating r from V^ (r) and t(r) could again be used; however, a much 
niore direct approach is now possible. This involves the development 
of an alternative equation for Inserting the fundamental formulas 
for I^ , Ig and I^  (in terms of electrochemical potential gradients 
and conductivities) into Eq. [3] and then using Wagner's local 
equilibrium equations (Figure 2) one may derive the equation 
[o-i + Cg] IT 
" " Iff J + Gg + O'gj 2z^  " rô^ ~+"â^  + âpÂ ' [C-8] 
and integrating Eq. [C-8] yields 
"t •  S I • r • Cc-S] 
In order to obtain a quantitative expression for V^ , it is necessary 
to evaluate the integral in Eq. [C-9]. In general, each in Eq. [C-9] 
is known as a function of or P but not as a function o£ Â. 
2 2^ 
What is required in this case is a knowledge of the chemical potential 
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profile in the scale; i.e., (i) or P = P (A) so that we 
*2 2 2 2 
can eliminate d£ in favor of d|JU or dP . This can be done by 
*2 *2 
dividing the differential equation form of Eq. [2l] by [21] and as­
suming that steady state prevails at each location in the scaling layer 
so that 
[a, + c Ja-di^  [a, + ^Ja-dp^  
% 
or equivalently 
r ' [Kjj - / j Lnij - aj - [c-ll] 
In order for t^ ^^  to be independent of P^  each must have the same 
P^  dependence. To prove this we can write 
Cj H. a, 
l^on 1^ * ^2 CT, + a„ + a, ~ o_l/n , o_l/n , o. 1/n 
[C-12] 
where CT? is the conductivity of the jth specie at P =1 atm, and n 
J Xg 
is a positive or negative Integer. Thus, cancelling the factor P^ ^^  
*2 
yields 
+ "2 + '3 ' 
and t^ Q^  is indeed constant. Inserting each a® into Eq. [C-ll] 
results in the equation 
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^^2 
which is independent of r. Thus we have a formula for obtaining ài 
in terms of dP . Whence 
*2 
*2 2 
where (6P^ ^^ ) = P%^ ^^  - Now we can eliminate di in Eq. [C-9] 
^2 2 2 
for dp so that Eq. [C-9] becomes 
2^ 
.P" p(^ /""l)dP 
4 ' "% 
Carrying out the integration in Eq. [C-15] we get 
I^ L 4n[p% /T^ ] 
where cr. = Remembering from Eq. [17] that 
J J 2 
K. - W&JI/ZZzf •= - ^  [C.17] 
we get finally that 
T^H 2^ "^2 ' "2" ""2 "2 
2z FE I L. 
where a° = CT° + + ^3* Equation [C-18] may be written as 
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where 
[C-20] 
All of the parameters in Eq. [C-18] can, in principle, be measured. 
Thus, by obtaining the time dependence of L from Eq. [C-7] allows us 
to calculate the time dependence of from Eq. [C-19]. 
Potentiostatic Scaling Kinetics 
For the constant t. model it was shown that it is convenient to ion 
use Eq. [C-6] instead of Eq. [ll] for L because of the way in which the 
parameter r drops out of the analysis. Likewise a more convenient 
form of Eq. [24] for the scaling kinetics under potentiostatic condi­
tions may be derived in which r is absent. For example, if we solve 
Eq. [C-18] for and substitute the resulting expression into Eq. [C-6], 
we get 
L = + k + kJ/L. Cc-21] 
Integrating Eq. [C-2l] we obtain 
2 2 t = to + 2 + k + k [t - tp]. 
[C-22] 
From Eq. [C-22] it can be easily seen that the scale thickening or 
thinning is parabolic. When < E^ , accelerated growth will be 
exhibited; V„ > E„, retarded growth; and scale thinning will be 
exhibited when the first term in the braces is greater than k + k^ . 
96 
Normal oxidation will occur when = E^ . In this case the first term 
in Eq. [c-22] vanishes. Substituting Eq. [C-22] into Eq. [c-18] and 
-2  
rearranging results in the following expression for I 
- 2  
nART3r°(AP^  (V^  - E^ ) | 
2»2^ TH 
+ 2 
T • 
2'2^ TH'lon 
tlAW5(ipJ'")(Vj - E^ ) 
- Vj 
[k + kj [t - [C-23] 
Thus, a plot of versus t - t^  gives a straight line with the slope 
and intercept given in Eq. [C-23]. Again, each of the parameters in 
Eq. [c-23] can, in principle, be measured experimentally. 
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APPENDIX D. TWO GENERAL TRANSPORT MODELS FOR PREDICTING THE EFFECT OF 
In what follows two general defect models are considered for the 
description of mass and charge transport In SlOg. These models are 
used to predict the kinetics of thickening and thinning of SlOg 
films for potentiostatlc and galvanostatic conditions. In order to 
predict these kinetics, it is necessary to first derive relationships 
for certain of the parameters used in the subsequent calculations in 
terms of measurable quantities; namely, k and E^ . This is because 
values for the value of the total conductivity at one atmosphere 
oxygen pressure and the value of the ionic conductivity are 
unknown for SlOg at the present time. Thus, relationships are 
derived for these parameters below. 
Constant Ionic Transference Number Model 
Consider oxygen incorporation into the SiOg network by the fol­
lowing reaction: 
where 0'^  Is a divalent oxygen interstitial and h Is a positive hole. 
From the law of mass action 
APPLIED ELECTRIC FIELDS ON SILICŒ OXIDATIOï 
I Ogfg) = 0% + 2h [D-ll 
[D-2] 
For the constant t. model charge neutrality requires that 
Ion 
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2[0%] = p [D-3] 
where p is the concentration of holes. Inserting Eq. [D-3] into 
[D-2] we get that 
p, [0"] « . [D-4] 
 ^ "2 
But conductivity is related to concentration by 
'j - SjCj'j 
where a^ , q^ , and are, respectively, the conductivity, charge, 
concentration and absolute mobility of the jth species. Whence, 
2^ 2^'-°ï^ ®2' 3^ 93PB3 [D-6] 
where the subscripts 2 and 3 have their usual meaning. We may substitute 
Eq. [D-4] into [D-6] to obtain 
'2 ° " "2 = 
or a, = , [D-8] 
'3 "og " "3 "srog 
and 
^1 = ^ 2 + ctj or (j^ = [d-9] 
where a? is the conductivity of the jth species at P =1 atm. Now 
J °2 
t. = a. /a„ so that it can easily be seen that t. is P. or ion ion T ion 0^  
equivalently jji independent. 
°2  ^
We proceed to derive an expression for as follows. From 
2 
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l"! + =2 + T,] 2 ^ ' - J  h o n z ^ -  ["-1°^  
For the constant t. model Eq. [D-IO] reduces to 
Ion 
Jul 
®W • 'ion I 4F 'lon^ TH [D-ll] H 
where 2%^  = - 4 for SlOg. Equation [D-ll] may be written as 
'ion - V^ IH • rD-12] 
This equation for t^ ^^  is exact and not an average value. From Figure 2 
- f *^2 'aC'i + 'z' 
"1. 1^7^ 
- -
J J . [D-13] 
Again, for SiOg, 2z^  = - 4 and dji^  = RTdP^  /P^  . Thus, 
J«P" dp [D-14] p, ""t \ 
®2 
where cr^  ~ 0. Substitution of Eq. [D-9] into [D-4] allows us to write 
i k.  ^ c-i,] 
where t. is P ion 
be integrated to give 
® Og independent and t^  = 1 - t^ ^^ . Equation [D-15] may 
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k = . [d-16] 
2F^  
Solving Eq. [D-16] for a° we get 
o 2kF^  cr_ = CD-17] 
We substitute Eq. [D-12] into [Drl7] to obtain finally that 
[D-18] 
where k is the ionic part of the scaling rate constant. However, on 
the strength of the electrolytic decomposition experiments of this 
work and previous observations of the halt voltage (3, 4) it is con-
-11 
eluded that k is the total scaling rate constant given by 1.25 x 10 
cm^ /h at 850 °C. Thus, Eq. [D-18] for is in terms of measurable 
quantities; namely, E^  and k. Equation [D-18] can be used in 
conjunction with Eqs. [C-18] and [C-7] to obtain the galvanostatlc 
scale thickening and thinning kinetics; and in conjunction with 
Eqs. [C-22] and [c-23] to obtain the potentiostatlc kinetics for SiOg 
films. A Fortran computer program for calculating the galvanostatlc 
scaling kinetics of silicon in oxygen gas assuming the constant t^ ^^  
model is presented in Appendix F. 
Constant Ionic Conductivity Model 
a ##  ^  ^1 mm a 1 m a»  ^  ^ a «m ^  J  ^  ^^   ^  ^
er. model. In this case the oxygen incorporation reaction of 
Ion 
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Eq. [D-l] is the same along with the law of mass action, Eq. [D-2]. 
However, now it must be assumed that a significant number of oa^ gen 
ion vacancies exist in the SiOg network. Now the charge neutrality 
condition becomes 
2[0%] - 2[V**] + p [D-19] 
where V^ * is a divalent oxygen ion vacancy. The concentrations of 
oxygen interstitials and vacancies are assumed to be large in 
comparison to the concentration of holes and nearly equal so that p 
in Eq. [D-19] is small. Thus, it is assumed that [OV] is P 
"2 
independent so that the law of mass action becomes 
p = K'P^ /4 . [D-20] 
"2 
Since conductivity is proportional to concentration. 
= CT»py^. [D-21] 
Similarly 
CT, [oV] or a. = const. [D-22] ion 1 Ion 
It is convenient to write Eq. [D-21] as 
'3 = 
where P^  is the oxygen pressure at which = ®ion* 
Now we proceed in the same way as before only now a relationship 
for CT. is sought. Equation [D-IO] for E,, becomes ion « 
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J-P" dp r °2 Cj.. p, l-'ion + '3' \ 
°2 
[D-24] 
Substituting Eq. [D-23] into [D-24] and then integrating we obtain 
>1/4-, 
' ®IH " F 
n + (p%yp.) 
Li + (p;yp,) 174 
[D-25] 
Solving Eq. [D-25] for P^ ^^  ^gives 
-^1/4 - 1 
®TH -
RT 
[D-26] 
Thus, knowing allows us to calculate P -1/4 
Equation [D-13] for k becomes 
"H. 
pii 
°2 'ion's 
dp. 
L'ion + '3J \ • 
Again, substituting Eq. [D-23] into [D-27] and then Integrating 
yields 
, , rl + 6' 
[D-27] 
[D-28] 
where a' = (P^  /P^ )^ ^^ ; 0' = (PJJ /P^ )^ ^^ . Thus, we get for 
ion 
,_t-l 
[D-29] 
where the quantities on the right hand side of Eq. [D-29] are all 
known. Substitution of Eqs. [D-22] and [D-23] into Eq. [15] and then 
integrating gives the cell voltage 
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The thickness L is given by Eq. [B-3]; i.e., 
^ = ^<^)®Ta-V CB-33 
where is given by Eq, [D-29], and is given by Eq. [D-30]. 
Now all that is required to predict the galvanostatic scaling kinetics 
is an equation for the time dependence of the parameter r. Equation [B-10] 
can again be used to obtain t(r) directly since k^  is zero. Thus, an 
equation results which is the same form as Eq. [B-17] except that now 
a -• a* and P -» P •. 
For potentiostatic scaling kinetics, of course, parabolic growth 
or decomposition will always be exhibited. All that is required is a 
knowledge of k(r) in Eqs. [25] and [29]. For the constant ionic 
conductivity model Eq. [13] for k(r) becomes simply 
k(r) = (E^  - V^ ). [D-31] 
Thus, by knowing the scaling rate constant of silicon, k, and 
the open circuit emf, E^ , the kinetics of scale thickening and thinning 
for SiOg under various potentiostatic and galvanostatlc conditions 
can be calculated. A Fortran computer program for calculating the 
galvanostatic scaling kinetics of silicon in oxygen gas assuming the 
constant 9. model is given in Appendix 6. ion 
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APPENDIX E. FORTRAN COMPUTER PROGRAM FOR CALCULATING 
THE GALVANOSTATIC SCALING KINETICS OF SILVER IN 
BROMINE GAS 
//[201JH23 JOB 'U3191,TIME=3,SIZE=128K',HINZE 
//STEPl EXEC WATFIV,REGION.G0=128K 
//CO.SYSIN DD » 
SJCiB U3191H:NZE,TIME=07,PAGES=40 
C THIS PROGRAM CALCULATES THE GALVANCSTATIC SCALING KINETICS OF 
C SILVER IN BROMINE GAS. THE CONSTANT IONIC CONDUCTIVITY MODEL IS 
C ASSUMED FOR THE CALCULATION. 
REAL*8 PR,PL,PPOS,EW,ETH,F,FF,DEXP,RG,TK,BETA,SIGI,A,B,DLOG,E,R,RO 
1,VOL,AREA,X,T,AMPS,CONST,DELTA,SCLRT,C,DR,D,FUNC,DEL,Z,DABS,XOC,RA 
2TE,DSORT,ROO,FX,FFX,SIGH 
RG=1.987 
FF=96500. 
F=23062. 
TK=623. 
V0L=29. 
AREA=1. 
Pl=10.**(5.10-11670/TK) 
PR=0.08292 
ETH=(RG*TK/(2.«F))•DLOG(PR/PL) 
SIGI»10.»»(-!.) 
SIGH=10.**(-3.I 
PP0S=(SIGI/SIGH)»*2-
A=fPL/PPOS)$*0.50 
B=(PR/PP0SI**0.50 
BETA=DL0G((1.+B)/(1.+A)) 
EW=ETH-RG*TK*BETA/F 
C RG IS TH2 GAS CONSTANT, FF AND F ARE, RESPECTIVELY, THE FARADAY 
C NUMBER IN COUL/EQ AND CAL/VOLT EQ, TK IS THE ABSOLUTE TEMPERATURE, 
C VOL IS THE EQUIVALENT VOLUME, PL IS THE BROMINE PRESSURE AT THE 
C AG,AGBR INTERFACE, PR IS THE BROMINE PRESSURE AT THE AGBR,BR2 
C INTERFACE, ETH IS THE THERMODYNAMIC EMF, SIGI IS THE IONIC 
C CONDUCTIVITY, SIGH IS THE HOLE CONDUCTIVITY, PPOS IS THE BROMINE 
C PRESSURE AT WHICH THE IONIC AND HOLE CONDUCTIVITIES ARE EQUAL 
C AND EW IS THE OPEN CIRCUIT EMF. 
SCLRT=((RG*TK*SIGI)/(F*FF))*DLOG((l.+B)/(l.+A)) 
C SCLRT IS THE SCALING RATE CONSTANT IN EQ/CM SEC. 
RATE=SCLRT*VOL*3600. 
C RATE IS THE SCALING RATE CONSTANT IN SQUARE CM/HR. 
REA0(5«4)M 
CO 300 J-ltM 
READ(5,100)AMPS,XO,N 
C AMPS IS THE TOTAL CURRENT AND XO IS THE INITIAL THICKNESS IN 
C ANGSTROMS. 
NRITE(6tl80) 
FUNC=AMPS*X0*F*(10.**(-8.))/(AREA*SIGI*RG*TK) 
L=2 
19 RC0=(l.-0.1**Lj/B 
C GIVEN AN INITIAL VALUE OF ROO, RO IS CALCULATED USING THE NEWTON 
C RAPHSON TECHNIQUE FOR SOLVING IMPLICIT EQUATIONS IN ONE UNKNOWN. 
15 FX=-FUNC+((ROO+1.)/ROO)*OLOG((1.-ROO*B)/(1.-ROO*A)) 
FFX=-(1./(R00*R00))*DL0G((1.-R00*B)/(1.-R00*A))-((ROO+l.)/ROO)*((B 
6-A)/((l.-ROO*B)*(l.-ROO*A))) 
RC=ROO-FX/FFX 
WRITE(6«150)R0 
C RO IS THE INITIAL VALUE OF R 
IFIR0-1./B)17,17,18 o 
18 L=L+1 
GO TO 19 
17 DELTA=(10.**(-7.)) 
IF(DABS(RO-R00l-DELTA)10,10,14 
14 RCO=RO 
GO TO 15 
10 WRITE(6,350)AMPS,X0,R0 
C=FLOAT(N) 
DR=-RO/C 
URITE(6«200)PL,PR,PP0S,A,B 
WRITE(6,250)TK,EW,ETH,SCLRT,SIGI 
WRITE(6,400) 
DO 700 1=1,N 
D=FL0AT(I-1) 
C INCREMENT THE PARAMETER R AS FOLLOWS: 
R«RO+D*DR 
C FOR ANY VALUE CF R, THE TIME, THICKNESS AND VOLTAGE ARE 
C CALCULATED. 
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APPENDIX F. FORTRAN COMPUTER PROGRAM FOR CALCULATING 
THE GALVANOSTATIC SCALING KINETICS OF SILICON IN OXYGEN GAS 
ASSUMING THE CONSTANT t. MODEL Ion 
//D201JH19 JOB 'U3191,TIME=3,SIZE«128K',HINZE 
//STIEPI EXEC WATFIV,REGION.G0=128K 
//GO.SYSIN DO * 
$JOB U3191HINZE,TIME=10,PAGES=40 
C THIS PROGRAM CALCULATES THE GALVANCSTATIC SCALING KINETICS OF 
C SILICON IN OXYGEN GAS. THE CONSTANT IONIC TRANSFERENCE NUMBER 
C MODEL IS ASSUMED FOR THE CALCULATION. 
REAL*8 FF,F,ETH,RG,TK,DSQRT,Y,SCLRI,VOL,B,AMPS,XO,EW,SCLRT,TION,A, 
ISIGT,EO,C,DX,DABS,DLOG,D,X,Z,T,XOC,AREA,TEL,E 
FF=96500. 
F»23062. 
ETH=1.754 
AREA=1. 
RG=1.987 
TK=1123. 
V0L=6.825 
C FF AND F ARE THE FARADAY NUMBER IN COUL/EQ AND CAL/VOLT CM, 
C RESPECTIVELY, ETH IS THE THERMODYNAMIC EMF, RG IS THE GAS CONSTANT 
C TK IS THE TEMPERATURE IN DEGREES KELVIN, VOL IS THE EQUIVALENT 
C VOLUME. 
SClRT=5.088*(10.**(-16.)j 
C SCLRT IS THE SCALING RATE CONSTANT IN EQ/CM SEC. 
B=V0L*SCLRT*3600.*(10.**16.) 
C B IS THE SCALING RATE CONSTANT IN SQUARE ANGSTROMS/HR. 
READ(5tS)L 
DO 900 K«1,L 
REA0(5f90IY 
C Y IS THE RATIO OF THE IONIC SCALING RATE CONSTANT TO THE TOTAL 
C SCALING RATE CONSTANT. 
SCLRI=Y*SCLRT 
C SCLRl IS THE IONIC PART OF THE SCALING RATE CONSTANT. 
READ(5,4)M 
DO 700 J*1,M 
READ(5,100#AMPS,XO,EW,N 
C AMPS IS THE TOTAL CURRENT, XO IS THE INITIAL THICKNESS IN 
C ANGSTROMS AND EW IS THE OPEN CIRCUIT EMF. 
TION=EW/ETH 
TEL=l.-TION 
C TION AND TEL APE, RESPECTIVELY, THE IONIC AND ELECTRONIC 
C TRANSFERENCE NUMBERS. 
A=(V0L*TION*AMPS*3600.*(10.**8.))/(FF*AREA) 
C A IS THE ELECTROLYSIS RATE IN ANGSTROMS/HR. 
SIGT=(2.*SCLRI*F*FF)/(3.*RG*TK*TI0N*TEL) 
C SIGT IS THE TOTAL CONDUCTIVITY AT P02«l ATM. 
EC=EW-(2.$F*X0*ETH*AMPS*(10.**(-8.)))/(3.*AREA*RG*TK*SIGT# 
C EO IS THE INITIAL CELL VOLTAGE. 
WRITE(6,200)ETH,EW,SCLRT,TI0N,B 
WRITE(6,250)A,SIGT,E0,Y 
MRITE(6,350)AMPS,X0,SCLRI 
C*FLOAT(N) 
OXs(OABS(B/A)-XO)/C 
WPITE(6,400) 
DO 300 1=1,N 
D=FL0AT(I-1) 
C INCREMENT THE THICKNESS AS FOLLOWS: 
X=XO+(D*CX) 
C X IS THE THICKNESS IN ANGSTROMS. 
E=EW-(2.*F*X*ETH*AMPS*(10.**l-8.#))/43.*AREA*RG*TK*SIGT) 
C E IS THE CELL VOLTAGE. 
Z=(B+A*X0)/(8+A*X) 
T=(X-XO+(B/A)*DLOG(Z))/A 
C T IS THE TIME IN HOURS. 
X0C=DSQRT(X0*X0+2.*B*T) 
C XOC IS THE THICKNESS ONE WOULD EXPECT AT OPEN CIRCUIT. 
WRITE(6,500)T,X,E,X0C 
3DO CONTINUE 
7 00 CONTINUE 
900 CONTINUE 
5 F0RMAT(I3) 
90 F0RMAT(4X,O11.4) 
4 F0RMATCI3) 
100 F0RHAT(3(4X,0II.4),7X,I3) 
200 FORMAT!'0',4X,'ETH=',D11.4,4X,'EW=',D11.4,4X,'SCLRT=',D11.4,4X,'TI 
20N«*,011.4,4X,'B=',D11.4) 
2!i0 FORMAT I • 0* ,4X, 'A=',D11.4,4X,*SIGT=',D11.4,4X,'E0=',D11.4,4X,'Y=',D 
311.4) 
3i>0 F0RMAT('0',4X,'AMPS=*,D11.4,4X,'X0=',D11.4,4X,'SCLRI = ' ,011.4) 
4W0 F0RMAT(12X,'T*,19X,*X',19X,'E',18X,'X0C') 
500 F0RMATf4l5X,D15.8)) 
STOP 
END 
SENTRY 
$STI)P 
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APPENDIX G. FORTRAN COMPUTER PROGRAM FOR CALCULATING 
THE GALVANOSTATIC SCALING KINETICS OF SILICOI IN OXYGEN GAS 
ASSUMING THE CŒSTANT MODEL 
//0201JH18 JOB 'U3191,TIME=3,SIZE=128K',HINZE 
//Î:TEP1 EXEC HATFIV,REGION.G0=128K 
//«O.SYSIN 00 * 
$J()B U3191HINZE,TIME=07,PAGES=40 
C THIS PROGRAM CALCULATES THE GALVANOSTATIC SCALING KINETICS OF 
C SILICON IN OXYGEN GAS. THE CONSTANT IONIC CONDUCTIVITY MODEL IS 
C ASSUMED FOR THE CALCULATION. NEUTRAL TRANSPORT IS NEGLECTED. 
REAL*8 PR,PL,PPOS,EW,ETH,F,FF,DEXP,RG,TK,BETA,SIGI,A,B,DLOG,E,R,RO 
1,VOL,AREA,X,T,AMPS,CONST,ALPHA,SCLRT,C,DR,D,FUNC,DEL,Z,DABS,XOC,RA 
2TE,DSQRT,R00,FX,FFX,DELTA,XO 
RG=1.987 
FF=96500. 
F=23062. 
TK=1123. 
V0L=6.825 
AREA=1. 
PL=10.**(-31.5) 
PR=1. 
ETH=t RG»TK/(4.*F)#*DL0G(PR/PL) 
C RG IS THE GAS CONSTANT, FF AND F ARE, RESPECTIVELY, THE FARADAY 
C NUMBER IN COUL/EO AND CAL/VOLT EQ, TK IS THE ABSOLUTE TEMPERATURE, 
C VOL IS THE EQUIVALENT VOLUME, PL IS THE OXYGEN PRESSURE AT THE 
C SI*SI02 INTERFACE, PR IS THE OXYGEN PRESSURE AT THE SI02«02 
C INTERFACE, ETH IS THE THERMODYNAMIC EMF. 
READ(5,5)L 
DO 900 K=1,L 
READ(5,170)EW 
C EW IS THE OPEN CIRCUIT EMF. 
ALPHA=DEXP((ETH-EW)*F/(RG*TK)) 
PPOS= f CPR**0.25-ALPHA*PL**0.25}/tALPHA-l.I>**4. 
C PPOS IS THE OXYGEN PRESSURE AT WHICH THE IONIC AND HOLE 
C CONDUCTIVITIES ARE EQUAL. 
A=(PL/PP0S)**0.2S 
B=(PR/PP0S)**0.25 
RATE=1.25*10.**(-11.) 
C RATE IS THE SCALING RATE CONSTANT IN SQUARE CM/HR. 
SCLRT=RATE/(VOL*3600.) 
C SCLRT IS THE SCALING RATE CONSTANT IN EQ/CM SEC. 
BETA=DL0G((l.+8)/(l.*A)) 
SIGI=SCLRT»F»FF/|RG»TK»BETA) 
C SI6I IS THE IONIC CONDUCTIVITY. 
REA0(5«4)M 
DO 300 J=1,M 
READ*5,100#AMPS,XO,N 
C AMPS IS THE TOTAL CURRENT AND XO IS THE INITIAL THICKNESS IN 
C ANGSTROMS. 
WRITE(6,180) 
FUNC=AMPS*XO*F*(10.**(-8.»)/(AREA*SIGI*RG*TK) 
R00=0.99/B 
C GIVEN AN INITIAL VALUE OF ROO, RO IS CALCULATED USING THE NEWTON 
C RAPHSON TECHNIQUE FOR SOLVING IMPLICIT EQUATIONS IN ONE UNKNOWN. 
15 FX=-FUNC+((ROO+1.)/ROO)*DLOG((1.-ROO*B)/*1.-ROO*A)) 
FFX=-(1-/(ROO*ROOD »DLOG((1.-ROO*B)/(1.-ROO»A #)-((R00+1.»/ROOI»(IB 
6-A)/((l.-ROO*B)*(l.-ROO»A))» 
RO=ROO-FX/FFX 
WRITE(6«150)R0 
C RO IS THE INITIAL VALUE OF R 
DELTA=(10.**(-7.))*(10.**(-4.*R0))*C10.**(-2.3*DLOG(B)J Ï 
IF(DABS(RO-ROO)-0ELTAI10,10t14 
14 ROO-RO 
GO TO 15 
10 WRITE(6,350)AMPS,XO,RO 
C»FLOATCNI 
DR=-RO/C 
WRITEC6,200)PL,PR,PP0S,A,B 
WRITE(6,250)TK,EM,ETH,SCLRT,SIGI 
WRITE(6,400) 
DO 700 1=1,N 
D*FL0AT(I-l) 
C INCREMENT THE PARAMETER R AS FOLLOWS: 
R*RO+D*DR 
C FOR ANY VALUE OF R, THE TIME, THICKNESS AND VOLTAGE ARE 
C CALCULATED. 
E=ETH-(RG*TK/FI*DLOG(<1.-R»B1/(1.-R»AIJ 
c  E I S  THE CELL VOLTAGE. 
CONST=AREA*AREA*RG*TK*SIGI*FF/(VOL*F*AMPS*AMPS*3600.) 
T=CC0NST/2.J*Cl2.+2./R+l./(R*R))*DL0G((l.-R*B)/(l.-R*A))-(2.+2./RO 
3+l./(R0*R0))*DL0G((l.-R0*B)/(l.-R0*A))*(2.*B+B*B)*0L0G(((1.-R*B;*R 
40)/((l.-R0*B)*R))-(2.*A+A*AI*DL0G(((l.-R*A)*R0)/((l.-R0*A)*R))*(B-
5A)*(1./R-1./R0)) 
C T IS THE TIME IN HR. 
X=(AREA*SIGI*(10.**8.)/AMPS)*(IR+1.)/R)*(ETH-E) 
C X IS THE SCALE THICKNESS IN ANGSTROMS. 
X0C=DS0RT(XO*X0+2.*RATE*T*(10.**16.)) 
C XOC IS THE THICKNESS ONE WOULD CALCULATE AT OPEN CIRCUIT OR R=-l. 
WRITE(6,500)R,T,E,X,X0C 
700 CONTINUE 
3100 CONTINUE 
i'OO CONTINUE 
5 F0RMAT(I3) 
1.70 F0RMAT(4X,D11.4) 
4 F0RMAT(I3) 
180 FORMAT*'0',12X,'RO') 
150 F0RMAT(5X,D15.8) 
1.00 F0RMAT(2(4X,011.4)«7X«I3I 
J:00 F0RMAT('0',4X, 'PL=',D11.4,4X,'PR=',D11.4,4X,'PP0S = ',D11.4,4X,*A=' , 
7D11.4,4X,'B=',D11.4) 
:!50 FORMAT*' 0* ,4X, 'TK=',D11.4,4X,'EW=',D11.4,4X,'ETH=',D11.4,4X, • SCLRT 
8=',D11.4,4X,'SIGI=',011.4) 
3150 FORMAT*'0' ,4X,'AMPS=' ,D11.4,4X,'X0=',D11.4,4X, *R0=',D15.8) 
<f00 FORMAT*'0',12X,'R',17X,'TIME' ,17X,'E",14X,'THICKNESS',15X,'XOC' ) 
!iOO F0RMAT(5(5X,D15.8)) 
STOP 
END 
SEMTRY $srop 
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